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Well ID TOC DTW Water Elevation
MW-1 1,067.66 22.30 1,045.36
MW-2 1,068.42 26.84 1,041.58
MW-4 1,054.17 14.34 1,039.83
MW-5 1054.86* 11.05 1,043.81
MW-6 1,053.76 8.88 1,044.88

Notes:
Water levels collected 2/16/15
Elevations given in NAVD 88
TOC: Top of casing
DTW: Depth to water
GW: Groundwater
* MW-5 was abandoned before the TOC was surveyed. 
The well cover was surveyed, and TOC is estimated to 
be 6-inches below the cover.
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 Technical Memorandum
Soil Electron Microprobe Analyses

Fire Station 19, HSI #10844

Duluth, Gwinnett County, Georgia
March 17, 2015

A Voluntary Investigation and Remediation Plan (VIRP) has been approved for the Fire Station 19 

site. The VIRP recommended evaluation of the arsenic bioaccessibility in soil. Electron microprobe 

(EMP) analyses were recommended to support the bioaccessibility evaluation and to evaluate 

potential sources of the arsenic in soil at Fire Station 19. All sampling and the bioaccessibility/EMP 

analyses were completed from October 21
st

 to November 24
th

 of 2014. The Georgia Environmental 

Protection Division (EPD) approved the VIRP on January 15, 2015. This technical memorandum 

presents the results of the EMP analyses. 

1.0 Introduction 
Twenty soil samples were collected from Fire Station 19 on October 21, 2014. The samples were 

delivered to CDM Smith’s Denver laboratory for preparation and then delivered to the University of 

Colorado Geological Sciences Laboratory for analyses. All twenty samples were analyzed for total 

arsenic and additional bioaccessibility testing. The bioaccessibility testing is reported in a separate 

technical memorandum. Ten of the twenty samples were selected for EMP analyses. The prepared 

samples selected for EMP analyses all exceeded the 100 mg/kg concentration requirement for EMP 

analyses and were representative of the observed arsenic range in the prepared samples (103 mg/kg 

– 554 mg/kg). The EMP results were used to support the bioaccessibility evaluation and to evaluate 

potential arsenic sources at Fire Station 19.  

2.0 EMP Analyses Methods and Analyses 
EMP analyses were performed on 10 soil samples. The methodology used and samples analyzed are 

summarized in this section. 

2.1 EMP Overview 
Samples were analyzed on a JEOL 8600 

Superprobe located in the Department of 

Geological Sciences, University of Colorado, 

Boulder, Colorado. The analyses were 

conducted by Dr. John W. Drexler, Professor 

Emeritus. Analyses on single particulate grains 

and single precipitate crystals were 

accomplished using an EMP. Not only can 

analyses be made on particles as small as 1 

micron (µm), but the EMP also provides a visual 

picture of the particulate at magnifications ranging from 40x to 300,000x. The visual mode is referred 

to as the "backscatter mode." The resulting “picture” is recorded and referred to as a 

“photomicrograph”. Information about the relative atomic number of the compounds can be 

obtained in the backscatter mode due to the contrast in brightness between the low atomic number 

compounds and the compounds with high atomic numbers. For example, metal (e.g., iron, zinc, 

copper, etc.) compounds or metal containing particulates, which have high mean atomic numbers, 
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tend to be bright white in backscatter mode, while silica compounds, with lower mean atomic 

numbers, are gray and organic carbon is nearly black. Direct visual inspection of the particulate also 

provides information on the associations, morphology, and any reaction rims on the particles; all of 

which provide insight into the bioaccessibility, geochemical history and source of the sample.  

2.2 EMP Methodology 

2.2.1 Sample Preservation and Drying 

Samples were received at CDM Smith’s laboratory in Denver, Colorado in October 2014 where they 

were air dried, homogenized and sieved to collect the <250 µm fraction. Splits of the <250 µm 

fraction were sent to the University of Colorado Laboratory for Environmental and Geological 

Sciences (LEGS) in Boulder, Colorado. The samples were prepared and analyzed according to the 

standard operating procedure (SOP) for EMP (see Attachment A). This SOP is summarized in the 

following sections. 

2.2.2 Sample Mount Preparation 

At LEGS, a 1 gram split of each sample (the <250 µm 

fraction) was used to prepare epoxy grain mounts (see 

figure). The procedure for preparing the mounts 

included pouring the sample into a 1-inch diameter 

mold and covering with a thin layer of air-cured epoxy. 

The grains were then blended with the epoxy using a 

disposable wood stirring rod and additional epoxy was 

added. After curing at room temperature, the mount 

was removed and ground flat, forming a cross sectional 

cut through the grains. Polishing of the mount was 

performed using successively finer grades of oil-based diamond paste. The final step in the 

preparation of the grain mounts was to apply a thin carbon coating to the surface of the mount or 

"puck" in order to allow proper conduction during microprobe analysis. The pucks were then stored 

in the glove box until the EMP analyses could be performed. 

2.2.3 Operating Conditions 

Operating conditions included a 15 KeV (15,000 electron volts), accelerating voltage, 17 NanoAmp 

cup current, and a 1 to 2 µm beam size. Certified pure element standards were used to determine 

phase compositions. Wavelength dispersive spectrometer (WDS) crystals were used for the analyses: 

LIF for zinc, copper, and iron; TAP for arsenic, silicon, and aluminum; PET for antimony lead, 

cadmium, and sulfur; and LDE for oxygen. 

2.2.4 Analytical Procedure 

Sample pucks were scanned for arsenic-containing minerals using backscattered electron images. The 

scanning was performed manually by systematically traversing from left to right until the edge of the 

mount was reached. The puck was then moved up one field of view and scanned from right to left. 

This process was repeated until the whole mount was scanned or at a minimum, 100 arsenic 

containing grains were identified. 
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Typically, the magnification used for scanning samples was 40-100X and 300-600X, depending on the 

individual sample's grain size distribution. The higher magnification allowed the smallest identifiable 

(1 to 2 μm) phases to be found. Once a candidate particle was identified, the backscatter image was 

optimized to differentiate any different phases within the particle or its association. Identification of 

the metal-bearing phases was performed using both energy-dispersive and wavelength-dispersive 

spectrometers set for analyses of arsenic, iron, and oxygen. A macro was prepared to take into 

account the absorption of x-rays by elements such as iron using a ZAF correction (Sweatman and Long 

1969). 

2.3 Samples Analyzed 
A total of 10 sieved samples were analyzed by EMP, as shown in Table 1 below. The arsenic results 

shown in Table 1 below are for soil particles less than 250 µm and in general, the sieved soils results 

have slightly higher arsenic concentrations than the total arsenic concentrations in soil (not sieved) 

reported in the Corrective Action Plan. 

Table 1 - Samples Analyzed by EMP 

Sample ID mg/kg As  

(<250  µm sample) 

SB-3 554 

SB-14 310 

SB-21 144 

SB-24 314 

SB-25 207 

SB-27 205 

SB-30 134 

SB-34 103 

SB-39 127 

SB-52 195 

SB-3 554 

SB-14 310 

 

All six sieved samples with reported values of IVBA (in vitro bioaccessibility) above the detection limit 

were analyzed by EMP. An additional four samples were also analyzed by EMP. These were selected 

based on arsenic concentration and spatial distributions. 

2.4 Quantitative Analysis 
All samples were analyzed for a quantitative full speciation of the arsenic bearing grains. Overall a 

minimum of 100 arsenic-bearing grains or particles were identified and recorded for each of the ten 

samples. The following information was recorded for each grain: 

� The identification of the phase (determined from the elemental energy dispersive spectra, 

rate counts, or analytical results); 

� The longest dimension of the grain in  µm; and 
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� Association of the grain (free or liberated, included within a second phase, cemented or 

rimming). 

The amount of arsenic within each phase was determined by analysis of a representative number of 

grains. For each sample, the following quantities were determined: 

� The frequency of the grains of each phase in percent; and 

� The relative arsenic mass within each phase in percent. 

The grain frequency was determined by dividing the number of grains of the phase in question by the 

total number of grains counted times 100%. 

However, because the percentages of metals (arsenic in this case) within each phase and the sizes of 

the grains are different, grain frequency can be misleading. For example, small abundant grains with 

low metals concentrations would be over-represented compared to large grains with high metals 

concentrations. The size, arsenic concentration and density of the phase were used to calculate the 

relative arsenic mass in each phase. The equations and parameters used to calculate the relative 

mass are provided in Attachment A. 

3.0 Summary of EMP Results 
3.1 Phases, Associations, Frequency and Relative Mass 
Attachment B provides the information collected for each of the 10 samples. On the left hand side of 

each page is the list of all arsenic-bearing grains or particles identified. A minimum of 100 particles 

were identified and as previously discussed, the following information was recorded for each particle 

(or grain): 

� Phase or form; 

� Association (liberated, rimming, cemented); and 

� Size (longest dimension in µm). 

The arsenic bearing phases identified included: 

� Iron oxyhydroxides (Fe or FeOOH); 

� Manganese oxyhydroxides (Mn or MnOOH); 

� Clay; 

� Cesium oxyhydroxides (Ce or CeO2); and 

� Others, including iron phosphates and sulfates. 

Overall 1,093 arsenic containing particles were identified in the 10 samples (note: a minimum of 100 

particles were identified in each sample; this is not the total number of arsenic containing particles 

but provides an adequate number to statistically represent the phase distribution in each sample; see 
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Attachment A). The following Table 2 provides a summary of the various phases present in all 10 

samples. 

Table 2 - Number of Particles and Frequency of Phases 

Phase Number of 

Particles 

Frequency 

(%) 

FeOOH 1,033 94.5 

MnOOH 28 2.56 

CeO2 27 2.47 

Clay 3 0.27 

Other 2 0.18 

Total 1,093 100.0 

 

As shown, the vast majority of arsenic bearing particles (94.5 %) were iron oxyhydroxides. Overall the 

iron oxyhydroxides contributed 98 percent of the arsenic mass in the samples. The size of the arsenic 

containing iron oxyhydroxide particles ranged from 1 to 78 µm (longest dimension) and the mean 

length was 12.9 µm. The information concerning number of particles in each phase, mean 

dimensions, range of dimensions and relative mass in each phase for each sample is provided on the 

right hand side of each of individual sample sheets in Attachment B. Attachment B also provides the 

relative mass and frequency of each of the phases in each sample in graphical form. 

3.2 Photomicrographs and Energy Dispersive Spectra 
Typically a minimum of five representative photomicrographs and energy dispersive spectra (EDS) 

were recorded for each sample. Attachment C provides examples of each of the various types of 

association observed for the iron oxyhydroxides. 

Photomicrographs 1, 2, 3 and 4 provide images of liberated arsenic containing iron oxyhydroxides 

grains. Liberated or free particles were the most abundant type of phases observed (see Attachment 

B). As previously discussed, the lighter (or whiter) colors represent higher molecular weight phases (in 

this case iron). The lighter color (grey) grains are typically aluminum silicates or quartz particles. 

Grains of quartz are observed in most photomicrographs (e.g., Photomicrograph 4) based on their 

angular nature and overall uniform grey color (typically the whiteness scale is adjusted so that quartz, 

SiO2, is a grey color).  

The EDS is provided below each photomicrograph. The major elemental composition is identified on 

the EDS and confirms that the major element in the grains is iron (largest peak – identified as “Fe” on 

all spectra and as the Fe L Alpha spectral peak at an energy of 6.40 KeV on Photomicrograph 1; and 

also a minor peak identified as the Fe K beta peak at an energy of 7.06 KeV). As observed on the EDS, 

arsenic is also present (identified as “As” on all spectra and as the As L alpha, As L beta and As K alpha 

spectral peaks at energies of 1.28, 1.32 and 10.54 KeV on Photomicrograph 1). Other peaks identified 

on the EDS include those of aluminum (Al), silicon (Si), and titanium (Ti). These elements are typical 

mineral forming elements and may be incorporated into iron oxyhydroxides.  

A scale bar is also provided on the lower left part of the photomicrographs. As shown, the individual 

iron oxyhydroxides were 10 to 20 µm in diameter on Photomicrographs 1 to 4. The relatively small 

sizes and liberated form of these particles probably represent dissolved iron that precipitated from 

the aqueous phase within the soils resulting in individual solid iron oxyhydroxide particles. As 
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discussed later in this document, arsenic will adsorb onto or coprecipitate with the iron 

oxyhydroxides. 

Photomicrographs 5, 6 and 7 provide images of arsenic bearing iron oxyhydroxides phases that are 

cemented or rimming. Photomicrograph 5 shows a particle that appears to be a precipitate or cement 

of iron oxyhydroxides (observe the various areas or layers of precipitates). Photomicrograph 6 shows 

an iron oxyhydroxide rimming other particles. Photomicrograph 7 shows a precipitated or cemented 

iron oxyhydroxide. Again, the various layers of precipitation can be observed. These phases of iron 

oxyhydroxides formed on or around existing soil particles. 

Photomicrographs 8 and 9 provide images of arsenic bearing iron oxyhydroxides that have a “cellular” 

structure. These iron oxyhydroxides may have resulted from a biological process or been adsorbed 

onto organic matter with a cellular structure. 

The amount of arsenic in each of the various types of iron oxyhydroxide and manganese 

oxyhydroxide phases was quantitatively determined on selected particles using the WDS. The arsenic 

concentration in the iron oxyhydroxides averaged 0.009 wt% (90 mg/kg) with a standard deviation of 

0.009. A large range in concentrations was observed with some particles as high as 0.04 wt% (400 

mg/kg). Manganese oxyhydroxide was the only other phase in significant amount and it averaged 

0.0011 wt% arsenic with a standard deviation of 0.0008. As shown on Table 1, the overall average 

arsenic concentration in the 10 samples (<250 µm fraction) was 229 mg/kg (0.0229 wt%). The Table 1 

analyses resulted from digestion and ICP-MS analyses of the soil samples (EPA SW-846 methods 3050 

and 6020). The WDS analyses were conducted on selected individual particles and probably indicates 

that the larger sized arsenic containing iron oxyhydroxides grains analyzed by WDS had the larger 

arsenic concentrations (i.e., 400 mg/kg) resulting in an overall average concentration of 229 mg/kg by 

ICP-MS. 

4.0 Evaluation of Potential Sources 
4.1 Arsenic Geochemistry and Fate Mechanisms 
Overall the photomicrographs show arsenic associated with iron oxyhydroxides. Iron hydroxides have 

an extremely high capacity to adsorb dissolved arsenic from the aqueous solutions. Granular ferric 

oxides (GFOs) are the most widely used media to remove arsenic from drinking water. As shown in 

Pierce and Moore (1981 – see Attachment D), the arsenic adsorption capacity is pH dependent and 

also depends upon the arsenic species present in aqueous phase (arsenite, +3 species, or arsenate, +5 

species). At a neutral pH, 34,000 mg of arsenate (as arsenic) can theoretically be adsorbed per kg of 

iron hydroxide (see Pierce and Moore 1981). As stated, the amount of adsorption also depends upon 

the species of arsenic present in the aqueous phase. The species present depends upon the 

oxidation-reduction (redox) conditions and pH of the aqueous phase. A discussion of the 

geochemistry, species and fate mechanism of arsenic is provided in Attachment E. As discussed and 

shown on the Eh-pH diagram in Attachment E, arsenic occurs in two oxidation states in natural 

waters, +3 (arsenite) and +5 (arsenate). As(+5) exists under more oxidizing conditions and is present 

predominantly as a negatively charged ion (anion) above a pH of about 2. As(+5) is predominantly 

monovalent (charge of -1) over the pH range of 2 to 7 (H2AsO4-), divalent from pH 7 to 11.5 

(HAsO42-) and trivalent at pH values above 11.5 (AsO43-). As(+3) exists under more reducing 

conditions and is present predominantly as a neutral species (H3AsO30) below a pH of about 9. 



 Soil Electron Microprobe Analyses • Fire Station 19 HSI #10844 

2015-0317-FS19-EMP Memo (DRAFT).docx 7 

H2AsO3- and HAsO3-2 do not become important until the pH exceeds 9 su, which is higher than 

observed in the vast majority of natural waters. 

Overall, the arsenic containing iron oxyhydroxide phases observed were the result of arsenic (either 

arsenite or arsenate) in aqueous phase and subsequent incorporation into the iron oxyhydroxide 

solid phase by either of two mechanisms: 

� Adsorption of dissolved arsenic onto existing solid iron oxyhydroxide phases in the soil; and 

� Co-precipitation or adsorption of the arsenic with the precipitation of dissolved aqueous 

phase iron (forming solid iron oxyhydroxides). 

Observation of the photomicrographs shows that the second mechanism may be the most prevalent 

mechanism. However, either mechanism must have a soluble source of the arsenic. The source of 

soluble arsenic is discussed in the next section. Water (e.g., rainfall and infiltration into the soil) must 

also be available to solubilize and transport the arsenic. 

It should be noted that no relic of mineral bound arsenic such as observed in arsenic-containing pyrite 

was observed. 

4.3 Potential Sources of Arsenic 
As discussed in the previous section, the resulting forms of arsenic containing particles resulted from 

dissolved arsenic in aqueous solution. A soluble source of arsenic is necessary to provide the dissolve 

aqueous phase arsenic. A variety of solid and aqueous phase arsenic compound could have provided 

the aqueous phase arsenic. Arsenous and arsenic acid exist as liquids and have been used in the past 

to manufacture solid arsenic compounds. However, these acids are typically not used in wide spread 

application directly. Various solid phase arsenic compounds have been used extensively in the past as 

pesticides and herbicides. These compounds may include lead arsenate, calcium or sodium arsenate 

(or arsenite), copper-arsenic compounds and organic arsenic containing compounds. Typically the 

solid compounds were dissolved in water for direct spray application to the plants. Calcium arsenate 

was once a common herbicide and insecticide used mainly for protection of cotton crops. In 1942 

alone, over 38,000,000 kg of calcium arsenate was produced in the United States (Kirk-Othmer 

Encyclopedia of Chemical Technology 1995). In particular, calcium arsenate was used on cotton in 

Georgia. The following information is from A Century of Georgia Agriculture, 1850 – 1950 (Willard 

Range 1954):  

� “Boll weevil damage, moreover, remained rather slight for several years, causing only a 3 per 

cent loss by 1916 and only a 10 per cent loss by 1918. Apathy toward the impending disaster 

was encouraged by the announcement of The United States Department of Agriculture that 

effective weevil control measures (dusting with calcium arsenate) had been discovered.” 

� “Beginning with the crop of 1919, however, boll weevil damage became serious; and during 

1921-23 it became disastrous when Georgia's yield fell 30 per cent to 45 per cent below 

normal each year. In some counties the yield dropped from around 200 pounds to 80 pounds 

per acre. The state's total crop dropped from an average of about 1,500,000 to 2,000,000 

bales per year to a low in 1923 of less than 600,000 bales. Greene County, which in 1919 had 

produced more than 20,000 bales, produced only 333 bales in 1923. For the years 1920-1924 

Georgia's cotton yield per acre averaged only 133 pounds, the lowest five-year average 
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recorded since the 1870's and one of the lowest in the state's history. With this turn of events, 

Georgia's general apathy toward the "winged demon" turned into panic. The State 

Department of Entomology annually loaded "Peddler Cars" with calcium arsenate, sidetracked 

a car at virtually every important railroad station, and begged farmers to buy the poison. In 

1923, 150 cars of poison were sold. Newspapers also broadcast control measures and bankers 

appealed to their debtors to accept the proffered advice.” 

Review of past aerial photographs and historic topographic maps in the area of Fire Station 19 show 

the presence of row crops (probably cotton).  

The typical calcium arsenate used for pesticide control was typically 80 – 85 % Ca3(AsO4)2. The 

remaining amounts were typically calcium carbonate or hydroxide or waters of hydration. Literature 

values (Robinson 1918) report a solubility of this compound in water between 130 and 140 mg/L. 

Thermodynamic calculations show that the solubility is highly pH dependent. At a pH of 7, the 

calculated theoretical solubility is 2,800 mg/L as arsenic (see Attachment F). Overall, calcium arsenate 

represents a highly soluble compound that will result in elevated aqueous concentrations of arsenic 

when exposed to or dissolved in water. 

5.0 Conclusions 
As discussed above, calcium arsenate was used historically in Georgia as an insecticide on cotton to 

control boll weevils. Calcium arsenate is highly soluble in water and was probably applied to the 

cotton (or other crops) as a liquid solution. Some solid phase calcium arsenate probably resulted in 

the soils at shallow depth due to evaporation of the liquid solutions. This solid phase calcium 

arsenate could subsequently be dissolved by infiltration (rainfall) and transported deeper into the 

soils. The dissolved arsenic is attenuated in the soil by precipitation of iron oxyhydroxides (iron 

existing in the soils could also be dissolved by infiltration) or adsorption onto existing iron 

oxyhydroxide minerals in the soil. This dissolution and precipitation/adsorption mechanism for 

arsenic in the soils is illustrated by the soil sample collected at Fire Station 19 (see Corrective Action 

Plan). Most soil samples collected from 0.5 – 2 ft bgs had elevated arsenic concentrations. At selected 

locations, the sample collected at a depth of 4 feet had higher concentrations than the sample from 

the shallower depth (e.g., SB-7: 14.5 mg/kg from 0.5 -2 ft and 491 mg/kg at 4 ft; SB-13: 37.4 mg/kg 

from 0.5 to 2 ft and 274 mg/kg at 4 ft; SB-38: 98.3 mg/kg from 0.5 to 2 ft and 371 mg/kg at 4 ft). 

These examples probably indicate that arsenic applied to the surface soils has been transported to 

deeper soil layers. However as also discussed, the existing iron minerals in the soils or newly 

precipitated iron oxyhydroxides are an important attenuation mechanism. As a result of such 

attenuation and/or lack of saturated vadose zone flow, no arsenic is present in the groundwater at 

the site (arsenic concentrations were below detection in monitoring wells MW-1 screened from 35-

40 ft and MW-2 screened from 30-35 ft).  
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Attachment A 



 

EMPA-SOP 
 
1.0 OBJECTIVES 
 
The objectives of this Standard Operating Procedure (SOP) are to specify the proper 
methodologies and protocols to be used during metal speciation of various solid samples 
including; tailings, slags, sediments, dross, bag house dusts, wipes, paint, soils, and dusts for 
metals. The metal speciation data generated from this SOP may be used to assess the solid 
samples as each phase relates to risk. Parameters to be characterized during the speciation 
analyses include particle size, associations, stoichiometry, frequency of occurrence of metal-
bearing forms and relative mass of metal-bearing forms. This electron microprobe (EMPA) 
technique, instrument operation protocols and sample preparation to be used during 
implementation of the Metals Speciation SOP are discussed in the following sections. 
 
2.0 BACKGROUND 
 
To date, numerous metal-bearing forms of soils have been identified from various environments 
within western mining districts (Emmons et al., 1927; Drexler, 1991 per. comm.; Drexler, 1992; 
Davis et al., 1993; Ruby et al., 1994; CDM, 1994; WESTON, 1995). This listing does not 
preclude the identification of other metal-bearing forms, but only serves as an initial point of 
reference. Many of these forms are minerals with varying metal concentrations (e.g., lead 
phosphate, iron-lead oxide, and slag). Since limited thermodynamic information is available for 
many of these phases and equilibrium conditions are rarely found in soil environments, the 
identity of the mineral class (e.g., lead phosphate) will be sufficient and exact stoichiometry is 
not necessary. 
 
It may be important to know the particle-size distribution of metal-bearing forms in order to 
assess potential risk. It is believed that particles less than 250 microns (µm) are most available 
for human ingestion and/or inhalation (Bornschein, et al., 1987). For this study, the largest 
dimension of any one metal-bearing form will be measured and the frequency of occurrence 
weighted by that dimension. Although not routinely performed, particle area can be determined, 
it has been shown (CDM, 1994) that data collected on particle area produces similar results. 
These measurements add a considerable amount of time to the procedure, introduce new sources 
of potential error and limit the total number of particles or samples that can be observed in a 
study. 
 
Mineral association may have profound effects on the ability for solubilization. For example, if a 
lead-bearing form in one sample is predominantly found within quartz grains while in another 
sample it is free in the sample matrix, the two samples are likely to pose significantly different 
risk levels to human health. Therefore, associations of concern include the following: 



1. free or liberated  
2. inclusions within a second phase  
3. cementing rimming  

3.0 SAMPLE SELECTION 
 
Samples should be selected and handled according to the procedure described in the Project Plan. 
Unless help in determination of sample selection and frequency is requested by the client it is 
their responsibility to provide a “representative” number of samples to the laboratory for 
analyses.  
 
4.0 SCHEDULE 
 
A schedule for completion of projects performed under this Metals Speciation SOP will be 
provided in writing or verbally to the contractor along with monthly reporting requirements if 
large projects are performed. These schedules are based on an aggressive analytical program 
designed to ensure that the metals speciation analyses are completed in a timely period. Monthly 
reports are expected to reflect schedule status.  
 
5.0 INSTRUMENTATION 
 
Speciation analyses will be conducted at the Laboratory for Environmental and Geological 
Studies (LEGS) at the University of Colorado, Boulder or other comparable facilities. Primary 
equipment used for this work will include: 
 
Electron Microprobe (JEOL 8600) equipped with four wavelength spectrometers, energy 
dispersive spectrometer (EDS), BEI detector and the Geller, dQuant data processing system. 
Geller dPict hardware may be used for image storage and processing. An LEDC spectrometer 
crystal for carbon and LDE-1 crystal for oxygen analyses are essential.  
 
 
6.0 PRECISION AND ACCURACY 
 
The precision of the EMPA speciation will be evaluated based on sample duplicates analyzed at 
a frequency of 10% as selected by the laboratory, however the client may also submit “blind” 
duplicates for analyses. The precision of the data generated by the “EMPA point count” will be 
evaluated by calculating RPD values for all major (>20% frequency) phases, comparing the 
original result with the duplicate result. If the duplicate analyses are from samples that have 
produced at least 100 total particles it is expected that all (100%) of the dominant species 
(representing 60% of frequency) be found in both, and that their individual frequency of 
occurrence not vary by more than 30% , relative. In the evaluation of the method precision it is 
most important to consider the variation in results among all samples studied for a particular 
media, since the overall particle count is very large Data generated by the “EMPA point count” 
will be further evaluated statistically based on the methods of Mosimann (1965) at the 95% 
confidence level on the frequency data following Equation 1. 

E0.95 = 2P(100-P)/N 



 
Where:  E0.95 =  Probable error at the 95% confidence level 

 P =  Percentage of N of an individual metal-bearing phase based on percent length 
frequency 

 N =  Total number of metal-bearing grains counted 
 
Accuracy of quantitative metal analyses on non-stoichimetric metal phases is based on 
established EMPA procedures, and data reduction, Heinrich, 1981 and is generally 1-2% relative. 
All quantitative analyses will be performed using a series of certified mineral standards. In 
general, site-specific concentrations for these variable, metal-bearing forms will be determined 
by performing “peak counts” on the appropriate wavelength spectrometer. Average 
concentrations will then be used for further calculations. Data on specific gravity will be 
collected from referenced databases or estimated based on similar compounds. 
 
7.0 PERSONNEL RESPONSIBILITY 
 
The analysts will carefully read this SOP prior to any sample examination. 
 
It is the responsibility of the laboratory supervisor and designates to ensure that these procedures 
are followed, to examine quality assurance (QA) samples and replicate standards, and to check 
EDS and WDS calibrations. The laboratory supervisor will collect results, ensure they are in 
proper format, and deliver them to the contractor.  
 
Monthly reports summarizing all progress, with a list of samples speciated to date with data 
analyses sheets (DAS), will be submitted each month.  
 
It is also the responsibility of the laboratory supervisor to notify the contractor representative of 
any problems encountered in the sample analysis process. 
 
8.0 SAMPLE PREPARATION 
 
Grain mounts (1.5 inches in diameter) of each sample will be prepared using air-cured epoxy. 
Previous work (CDM, 1994, Weston, 1995) found that neither using mono-layer mounts nor 
repetitive exposure of deeper layers within the epoxy puck produced speciation results outside 
those errors observed from single sample duplicates. Once a sample is well stirred within the 
epoxy minimal settling was observed. This grain mounting technique is appropriate for most 
speciation projects, however polished thin-sections, paint chips, dust wipes, or filters may be 
prepared in a similar manner. The grain mounting is performed as follows: 

1. Log the samples for which polished mounts will be prepared.  
2. Inspect all disposable plastic cups, making sure each is clean and dry.  
3. Label each “mold” with its corresponding sample number.  
4. All samples will be split to produce a homogeneous 1-4 gram sample.  
5. Mix epoxy resin and hardener according to manufacturer’s directions.  



6. Pour 1 gram of sample into mold. Double check to make sure sample numbers on mold 
and the original sample container match. Pour epoxy into mold to just cover sample 
grains.  

7. Use a new wood stirring stick with each sample, carefully blend epoxy and grains so as to 
coat all grains with epoxy.  

8. Set molds to cure at ROOM TEMPERATURE in a clean restricted area. Add labels with 
sample numbers and cover with more epoxy resin. Leave to cure completely at room 
temperature.  

9. One at a time remove each sample from its mold and grind flat the back side of the 
mount.  

10. Use 600 grit wet abrasive paper stretched across a grinding wheel to remove the bottom 
layer and expose as many mineral grains as possible. Follow with 1000 grit paper.  

11. Polish with 15 um oil-based diamond paste on a polishing paper fixed to a lap. Use of 
paper instead of cloth minimizes relief.  

12. Next use 6um diamond polish on a similar lap.  
13. Finally polish the sample with 1um oil-based diamond paste on polishing paper, followed 

by 0.05 um alumina in water suspension. The quality should be checked after each step. 
Typical polishing times are 30 minutes for 15 um, 20 minutes for 6 um, 15 minutes for 1 
um, and 10 minutes for 0.05 um.  
 
NOTE: use low speed on the polishing laps to avoid “plucking” of sample grains. 

14. Samples should be completely cleaned in an ultrasonic cleaner with isopropyl alcohol or 
similar solvent to remove oil and fingerprints.  

15. To ensure that no particles of any metal are being cross-contaminated during sample 
preparation procedures, a blank (epoxy only) mold will be made every 20th sample (5% 
of samples) following all of the above procedures. This mold will then be speciated along 
with the other samples.  

16. Each sample must be carbon coated. Once coated, the samples should be stored in a 
clean, dry environment with the carbon surface protected from scratches or handling.  

9.0 GEOCHEMICAL SPECIATION USING ELECTRON MICROPROBE 
 
All investigative samples will also be characterized using EMPA analysis to determine the 
chemical speciation, particle size distribution and frequency for several target metals.  
 
10.1 Concentration Prescreening 
 
All samples will be initially examined using the electron microprobe to determine if the number 
of particles are too great to obtain a representative count. The particle counting will be 
considered representative if the entire sample (puck) has been traversed about the same time in 
which the counting criteria are achieved.  
 
If this examination reveals that one metal is highly abundant (> 10,000 mg/kg in concentration), 
clean quartz sand (SiO2) will be mixed with the sample material. The sand should be certified to 
be free of target analytes. The quartz sand should be added to an aliquot of the investigative 
sample, then mixed by turning the sample for a minimum of one hour, or until the sample is fully 



homogenized. The initial mass of the investigative sample aliquot, and the mass of the quartz 
addition must be recorded on the Data Analysis Sheet (DAS). 
 
10.2 Point Counting 
 
Counts are made by traversing each sample from left-to-right and top-to-bottom as illustrated in 
Figure 10-1. The amount of vertical movement for each traverse would depend on magnification 
and CRT (cathode-ray tube) size. This movement should be minimized so that NO portion of the 
sample is missed when the end of a traverse is reached. Two magnification settings generally are 
used. One ranging from 40-100X and a second from 300-500X. The last setting will allow one to 
find the smallest identifiable (1-2 micron) phases. 

Figure 10-1 

 
 
The portion of the sample examined in the second pass, under the higher magnification, will 
depend on the time available, the number of metal-bearing particles, and the complexity of metal 
mineralogy. A maximum of 8 hours will be spent on each analysis or a total particle count of 
100. 
 
The point counting procedure in petrography is a well established technique as outlined by 
Chayes, 1949. For our procedure we have simply substituted the electron microprobe for a 
simple petrographic microscope as a means of visually observing a particle and identifying its 
composition using the attached x-ray analyzers. The operator error (identification of phase and 
sizing) is generally negligible. However the particle counting error can be significant depending 
on the total number of particles counted and the individual component (species) percent. Based 
on studies in El-Hinnawi, 1966, it was shown that the relative error of a point count based on 100 
total particles versus one of 300 total particles is only 10% and 6% , respectively (for a species 
representing 30% of the count). It is our belief that this small decrease in error is not justified 
when cost and time of analysis are considered, and that it is much more beneficial to increase 
your total sample population and address representativeness. 
 
10.3 Data Reduction 



 
Analysts will record data as they are acquired from each sample using the LEGS software (10-3), 
which places all data in a spreadsheet file format. Columns have been established for numbering 
the metal-bearing phase particles, their identity, size of longest dimension in microns, along with 
their association (L = liberated, C= cementing, R = rimming, I = included) (10-2). The analyst 
may also summarize his/her observations in the formatted data summary files.  
 
The frequency of occurrence and relative metal mass of each metal-bearing form as it is 
distributed in each sample will be depicted graphically as a frequency bar-graph (10-5). The 
particle size distribution of metal-bearing forms will be depicted in a histogram. Size-histograms 
of each metal-bearing form can be constructed from data in the file.  
 
Data from EMPA will be summarized using two methods. The first method is the determination 
of FREQUENCY OF OCCURRENCE. This is calculated by summing the longest dimension of 
all the metal-bearing phases observed and then dividing each phase by the total. 
 
Equation 2 will serve as an example of the calculation. 

FM in phase-1 =  
Σ(PLD) phase 1 

 
Σ(PLD)phase-1 + Σ(PLD)phase-2 + Σ(PLD) phase-n 

   
Where:   
FM = Frequency of occurrence of metal in a single phase. 
PLD =  An individual particle’s longest dimension. 
%FM in phase-1 =  FM in phase-1 * 100 

 
These data thus illustrate which metal-bearing phase(s) are the most commonly observed in the 
sample or relative volume percent. 
 
The second calculation used in this report is the determination of RELATIVE METAL MASS. 
These data are calculated by substituting the PLD term in the equation above with the value of 
MM. This term is calculated as defined below. 

MM =  FM * SG * ppmM 
   
Where:   
MM =  Mass of metal in a phase 
SG =  Specific Gravity of a phase 
ppmM =  Concentration in ppm of metal in a phase 

 
The advantage in reviewing the RELATIVE METAL MASS determination is that it gives one 
information as to which metal-bearing phase(s) in a sample are likely to control the total bulk 
concentration for a metal of interest. For example, PHASE-1 may comprise 98% relative volume 
of the sample; however, it has a low specific gravity and contains only 1,000 parts per million 



(ppm) arsenic. PHASE-2 comprised 2% of the sample, has a high specific gravity, and contains 
850,000 ppm of arsenic. In this example it is PHASE-2 that is the dominant source of arsenic to 
the sample.  
 
Finally, a concentration for each phase is calculated. This quantifies the concentration of each 
metal-bearing phase. This term is calculated as defined below (Eq. 4). 

ppmM =  MM * Bulk metal concentration in ppm 
 
10.4 Analytical Procedure 
 
A brief visual examination of each sample will be made, prior to EMPA examination. This 
examination may help the operator by noting the occurrence of slag and/or organic matter. 
Standard operating conditions for quantitative and qualitative analyses of most metal-bearing 
forms are given in Figure 10-4. However, it is the responsibility of the operator to select the 
appropriate analytical line ( crystal/KeV range) to eliminate peak overlaps and ensure proper 
identification/quantification of each analyte. Quality control will be maintained by analyzing 
duplicates at regular intervals (Section 6). 
 
The backscattered electron threshold will be adjusted so that all particles in a sample are seen. 
This procedure will minimize the possibility that low metal-bearing minerals may be overlooked 
during the scanning of the polished grain mount. The scanning will be done manually in a 
manner similar to that depicted in Figure 10-1. Typically, the magnification used for scanning all 
samples except for airborne samples will be 40-100X and 300-600X. The last setting will allow 
the smallest identifiable (1-2 um) phases to be found. Once a candidate particle is identified, then 
the backscatter image will be optimized to discriminate any different phases that may be making 
up the particle or defining its association. Identification of the metal-bearing phases will be done 
using both EDS and WDS on an EMPA, with spectrometers typically peaked at sulfur, oxygen, 
carbon and the metal(s) of concern (M). The size of each metal-bearing phase will be determined 
by measuring in microns the longest dimension.  
 
As stated previously, a maximum of 8 hours will be spent in scanning and analyzing each mount. 
For most speciation projects the goal is to count between 100-300 particles. In the event that 
these goals are achieved in less than 8 hours, particle counting may be stopped so the analyst 
may move to another sample in order to increase the sample population. 
 
Quantitative Analyses 
 
Quantitative analyses are required to establish the average metal content of the metal-bearing 
minerals, which have variable metal contents as: Iron-(M) sulfate, Iron-(M) oxide, Manganese-
(M) oxide, organic, and slag. These determinations are important, especially in the case of slag, 
which is expected to have considerable variation in their dissolved metal content.  
 
Results will be analyzed statistically to establish mean values. They may also be depicted as 
histograms to show the range of metal concentrations measured as well as the presence of one or 
more populations in terms of metal content. In the later case, non-parametric statistics may have 



to be used or the median value has to be established.  
 
Associations 
 
The association of the metal-bearing forms will be established from the backscattered electron 
images. Particular attention will be paid in establishing whether the grains are totally enclosed, 
encapsulated or liberated. The rinds of metal-bearing grains will be identified. Representative 
photomicrographs of backscatter electron images establishing the association of the principal 
metal-bearing forms will be obtained for illustration purposes.  
 
10.5 Instrument Calibration and Standardization 
 
The WDS will have spectrometers calibrated for the metal of concern, carbon, oxygen and sulfur 
on the appropriate crystals using mineral standards. The EDS will have multi-channel analyzer 
(MCA) calibrated for known peak energy centroids. Calibration will be performed so as to have 
both low (1.0-3.0 KeV) and high (6.0-9.0 KeV) energy peaks fall within 0.05 KeV of its known 
centroid. 
 
The magnification marker on the instrument will be checked once a week. This will be 
performed by following manufacturer instructions or by measurement of commercially available 
grids or leucite spheres. Size measurements must be within 4 microns of certified values.  
 
Initial calibration verification standards (ICVs) must be analyzed at the beginning of each 
analytical batch or once every 48 hours, whichever is more frequent. A set of mineral or glass 
standards will be run quantitatively for the metal of concern, sulfur, oxygen and carbon. If 
elemental quantities of the ICVs do not fall within +/- 5% of certified values for each element, 
the instrument must be recalibrated prior to analysis of investigative samples.  
 
The metal-bearing forms in these samples will be identified using a combination of EDS, WDS 
and BEI. Once a particle is isolated with the backscatter detector, a 5-second EDS spectra is 
collected and peaks identified. The count rates for the metal(s) of concern, sulfur, carbon and 
oxygen can be either visually observed on the wavelength spectrometers or K-ratios calculated.  
 
10.6 Documentation 
 
Photomicrographs along with EDS x-ray spectra should be taken for each sample, at a rate of 5% 
(1 photograph per 20 particles counted), or a minimum of 10 per sample and submitted with the 
results. Particles selected for photography must be recorded on the EMPA graph, as well as in 
the Electron Micrograph Logbook. Any additional photographs should be labeled as 
“opportunistic”. 
 
A 128x128 (minimum) binary image in “.tif” format may be stored. Recorded on each 
photomicrograph will be a scale bar, magnification, sample identification , date and phase 
identification. Abbreviations for the identified phases can be used. A final list must be submitted 
with the laboratory report. 
 



10.0 PERSONAL HEALTH AND SAFETY 
 
Each individual operating the electron microprobe instruments will have read the “Radiation 
Safety Handbook” prepared by the University and follow all State guidelines for operation of X-
ray equipment. 
 
Latex gloves and particulate masks will be worn during preparation of sample cups. All material 
that comes in contact with the samples or used to clean work surface areas will be placed in poly-
bags for disposal. 
 
11.0 FINAL REPORT 
 
A final laboratory report will be provided to the Contractor. The report will include all EMPA 
data including summary tables and figures. Individual sample data will be provided on disk.  
 
Speciation results will include: 1) a series of tables summarizing frequency of occurrence for 
each metal phase identified along with a confidence limit; 2) summary histograms of metal 
phases identified for each waste type; 3) a summary histogram of particle size distribution in 
each waste type; and 4) a summary of metal phase associations. Representative .tif images and 
EDS x-ray spectra will also be included in the final report. 
 
12.0 REFERENCES 
 
Bornschein, R.L., P.A. Succop, K.M. Kraft, and C.S. Clark. 1987. Exterior surface lead dust, 
interior lead house dust and childhood lead exposure in an urban environment. In D.D. Hemphil, 
Ed., Trace Substances in Environmental Health XX Proceedings of the University of Missouri’s 
20th Annual Conference. June 1986, pp 322-332. University of Missouri, Columbia, MO. 
 
CDM (Camp Dresser and McKee). 1994. Metal Speciation Data Report, Leadville, CO. 
CERCLA Site. September, 1994. 
 
Chayes, F., 1949, A simple point counter for thin section analysis. Am. Mineralogist, V. 34, p. 1. 
 
Drexler, J.W. 1992. Speciation Report on the Smuggler Mine, Aspen CO., Prepared for EPA.  
 
Davis, A., J.W. Drexler, M.V. Ruby, and A. Nicholson. 1993. The micromineralogy of mine 
wastes in relation to lead bioavailability, Butte, Montana. Environ. Sci. Technol. (In Press). 
 
El-Hinnawi, E.E., 1966, Methods in chemical and mineral microscopy, Elsevier Publishing Co., 
New York, 222p. 
 
Emmons, S.F., J.D. Irving, and G.F. Loughlin. 1927. Geology and Ore Deposits of the Leadville 
Mining District, Colorado. USGS Professional Paper 148. 
 
Heinrich, K.F.J., 1981, Electron beam x-ray microanalysis. Van Nostrand-Reinhold Co., Dallas, 
578p. 



 
Mosimann, J.E. 1965. Statistical methods for the Pollen Analyst. In: B. Kummel and D. Raup 
(EDS.). Handbook of Paleontological Techniques. Freeman and Co., San Francisco, pp. 636-673. 
 
Ruby, M.V., A. Davis, J.H. Kempton, J.W. Drexler, and P.D. Bergstrom. 1992. Lead 
bioavailability: Dissolution kinetics under simulated gastric conditions. Environ. Sci. Technol. 
26(6): pp 1242-1248. 
 
WESTON (Roy F. Weston, Inc.). 1995. Metal Speciation Interpretive Report, Leadville, CO. 
CERCLA Site. March, 1995. 

Figure 10-2 

NOTES IDENTITY 
SIZE 

 
Length-longest dimension (µm) 

Liberated Inclusions ICemented Rim 

       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       
 



Figure 10-3 

 
 

Figure 10-4 

 WDS EDS 
Accelerating Voltage 15 KV 15-20 KV 
Beam Size 1-2 microns 1-2 microns 
Cup Current 10-30 NanoAmps 10-30 NanoAmps 
Ev/Channel N/A 10 or 20 
Stage Tilt N/A Fixed 
Working Distance N/A Fixed 
MCA Time Constant N/A 7.5-12 microseconds 

X-Ray Lines 

S K-alpha PET 
O K-alpha LDE1 
C K-alpha LDEC 
Zn K-alpha PET 
As L-alpha TAP 
Cu K-alpha LIF 
Cd L-alpha PET 
Pb M-alpha PET 
Pb L-alpha LIF 
In L-alpha PET 
Tl L-alpha LIF 
Hg L-alpha LIF 
Se L-alpha LIF 
Sb L-alpha PET 

S K-alpha 2.31 KeV 
O K-alpha 0.52 KeV 
C K-alpha 0.28 KeV 
Pb M-alpha 2.34 KeV 
Pb L-alpha 10.5 KeV 
Zn K-alpha 8.63 KeV 
Cu K-alpha 8.04 KeV 
As K-alpha 10.5 KeV 
As L-alpha 1.28 KeV 
Cd L-alpha 3.13 KeV 
In L-alpha 3.28 KeV 
Tl M-alpha 2.27 KeV 
Tl L-alpha 10.26 KeV 
Hg L-alpha 9.98 KeV 
Hg M-alpha 2.19 KeV 
Se L-alpha 1.37 KeV 
Sb L-alpha 3.60 KeV 

 



Figure 10-5 
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 Fe Liberated 7 
      

  
 Fe Liberated 4 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 9 
      

  
 Fe Rimming 3 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 46 

      
  

 Fe Liberated 34 
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Fe Liberated 20 
      

  
 Fe Liberated 33 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 2 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 21 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 18 
      

  
 Fe Liberated 11 

      
  

 Fe Rimming 19 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 27 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 35 

      
  

 Fe Liberated 28 
      

  
 Fe Liberated 17 

      
  

 Fe Liberated 13 
      

  
 Fe Cemented 44 

      
  

 Fe Liberated 38 
      

  
 Fe Cemented 62 

      
  

 Ce Liberated 1 
        Ce Liberated 3 
        Ce Liberated 5 
         

12 
 



 

SB-24 

Form Association Size (microns) 
        

           
Mn Liberated 9 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

 Fe Liberated 4 
 

total 106 11.52 7.73 1 46 
 Fe Liberated 11 

 
MnOOH 7 10.57 5.38 4 19 

 Mn Liberated 9 
 

FeOOH 95 11.88 7.91 1 46 
 Fe Liberated 2 

 
CeO2 4 4.5 1 4 6 

 Fe Liberated 4 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 11 
      

  
 

Fe Liberated 8 
 

Form 
(linear) 
freq  Rm As  

 

Error-
95%  

Fe Liberated 8 
 

% %  %  
 

  
Fe Liberated 5 

 
MnOOH 6.06  1.59  

 
4.54 

Fe Liberated 14 
 

FeOOH 92.47  97.74  
 

5.02 
Fe Rimming 4 

 
CeO2 1.47  0.67  

 
2.29 

Fe Rimming 3 
      

  
 

Fe Cemented 6 
 

 
 

     
  

 Fe Rimming 4 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 17 
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Relative As Mass Frequency of Occurrence
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Fe Liberated 14 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 40 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 9 
      

  
 Fe Cemented 23 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 24 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 10 
      

  
 Fe Cemented 6 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 23 
      

  
 Fe Liberated 26 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 3 
      

  
 Fe Liberated 11 

      
  

 Fe Rimming 15 
      

  
 Mn Liberated 5 

      
  

 Fe Liberated 5 
      

  
 Fe Cemented 22 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 9 
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Fe Liberated 29 
      

  
 Fe Rimming 5 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 4 
      

  
 Mn Liberated 14 

      
  

 Fe Rimming 16 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 12 

      
  

 Fe Rimming 6 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 1 
      

  
 Fe Liberated 18 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 32 

      
  

 Fe Liberated 23 
      

  
 Fe Rimming 12 

      
  

 Fe Cemented 13 
      

  
 Fe Rimming 26 

      
  

 Mn Liberated 19 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 3 
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Fe Liberated 12 
      

  
 Fe Rimming 15 

      
  

 Fe Cemented 26 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 4 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 13 
      

  
 Mn Cemented 4 

      
  

 Mn Rimming 14 
      

  
 Fe Liberated 20 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 21 

      
  

 Fe Cemented 46 
      

  
 Ce Liberated 6 

        Ce Liberated 4 
        Ce Liberated 4 
        Ce Liberated 4 
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SB-25 

Form Association 
Size 
(microns) 

       
          
Fe Liberated 13 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

Fe Rimming 12 
 

total 107 11.79 8.77 1 42 
Fe Rimming 19 

 
FeOOH 102 11.77 8.37 1 42 

Fe Rimming 24 
 

MnOOH 2 8 0 7 9 
Fe Rimming 14 

 
FeSO4 1 41 0 41 41 

Fe Liberated 5 
 

CeO2 2 2 0 1 3 
Fe Liberated 3 

      
   

Fe Liberated 12 
      

   

Fe Rimming 11 
 

Form 
(linear) 
freq  Rm As  

 Fe Liberated 8 
 

% %  %  
 Fe Liberated 7 

 
FeOOH 95.17  93.42  

 Fe Liberated 8 
 

MnOOH 1.27  0.46  
 Fe Liberated 6 

 
FeSO4 3.25  6.01  

 Fe Liberated 5 
 

CeO2 0.32  0.12  
 Fe Liberated 8 

      
   

Mn Liberated 9 
      

   

Fe Liberated 15 
 

 
 

     
   

Fe Rimming 4 
      

   
Fe Liberated 7 

      
   

Fe Liberated 5 
      

   
Fe Cemented 9 

      
   

Fe Liberated 11 
      

   
Fe Liberated 9 

      
   

Fe Liberated 8 
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Relative As Mass Frequency of Occurrence
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Fe Liberated 6 
      

   
Fe Rimming 5 

      
   

Fe Liberated 11 
      

   
Fe Liberated 5 

      
   

Fe Liberated 20 
      

   
Fe Liberated 10 

      
   

Fe Liberated 15 
      

   
Fe Liberated 8 

      
   

Fe Liberated 35 
      

   
Fe Liberated 7 

      
   

Fe Liberated 2 
      

   
Fe Liberated 6 

      
   

Fe Liberated 28 
      

   
Fe Liberated 22 

      
   

Fe Liberated 5 
      

   
Fe Liberated 3 

      
   

Fe Liberated 25 
      

   
Fe Liberated 4 

      
   

Fe Liberated 5 
      

   
Fe Liberated 12 

      
   

Sulf Liberated 41 
      

   
Fe Liberated 18 

      
   

Fe Rimming 17 
      

   
Fe Liberated 23 

      
   

Fe Rimming 9 
      

   
Fe Liberated 12 

      
   

Fe Cemented 42 
      

  
Fe Liberated 14 

      
  

Fe Liberated 6 
      

  
Fe Liberated 3 

      
  

Fe Liberated 3 
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Fe Liberated 16 
      

  
Fe Liberated 5 

      
  

Fe Liberated 9 
      

  
Fe Liberated 4 

      
  

Fe Liberated 4 
      

  
Fe Liberated 4 

      
  

Fe Liberated 4 
      

  
Fe Liberated 5 

      
  

Fe Liberated 41 
      

  
Fe Rimming 12 

      
  

Fe Liberated 13 
      

  
Fe Cemented 3 

      
  

Fe Liberated 4 
      

  
Fe Liberated 15 

      
  

Fe Liberated 30 
      

  
Fe Liberated 9 

      
  

Fe Liberated 8 
      

  
Fe Liberated 4 

      
  

Fe Rimming 13 
      

  
Fe Liberated 11 

      
  

Fe Liberated 9 
      

  
Fe Liberated 21 

      
  

Fe Rimming 25 
      

  
Fe Rimming 14 

      
  

Fe Liberated 9 
      

  
Mn Liberated 7 

      
  

Fe Liberated 10 
      

  
Fe Liberated 11 

      
  

Fe Liberated 22 
      

  
Fe Liberated 7 

      
  

Fe Liberated 24 
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Fe Liberated 12 
      

  
Fe Liberated 10 

      
  

Fe Liberated 34 
      

  
Fe Liberated 14 

      
  

Fe Cemented 15 
      

  
Fe Liberated 11 

      
  

Fe Liberated 14 
      

  
Fe Liberated 24 

      
  

Fe Liberated 7 
      

  
Fe Rimming 13 

      
  

Fe Liberated 7 
      

  
Fe Liberated 5 

      
  

Fe Liberated 6 
      

  
Fe Liberated 17 

      
  

Fe Liberated 10 
      

  
Fe Liberated 12 

      
  

Fe Liberated 1 
      

  
Fe Liberated 1 

      
  

Fe Liberated 18 
      

  
Ce Liberated 1 

       Ce Liberated 3 
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SB-27 

Form Association Size (microns) 
        

           
Fe Liberated 41 

 
Form Number Mean Std-Dev 

Range 
low Range high 

 Fe Liberated 4 
 

total 110 14.26 10.98 2 55 
 Fe Liberated 14 

 
FeOOH 103 14.7 11.16 2 55 

 Fe Cemented 22 
 

MnOOH 4 11 2.94 7 14 
 Fe Rimming 11 

 
CeO2 3 3.67 1.15 3 5 

 Fe Liberated 8 
      

  
 Fe Liberated 4 

      
  

 
Fe Rimming 18 

 
form 

(linear) 
freq  Rm As  

 

Error-
95%  

Fe Liberated 6 
 

% %  %  
 

  
Fe Liberated 6 

 
FeOOH 96.49  99.02  

 
3.44 

Fe Rimming 6 
 

MnOOH 2.8  0.66  
 

3.09 
Fe Liberated 23 

 
CeO2 0.7  0.32  

 
1.56 

Fe Liberated 12 
      

  
 Fe Liberated 4 

      
  

 
Fe Liberated 25 

 

 

 
 

    
  

 Fe Liberated 9 
      

  
 Fe Rimming 7 

      
  

 Fe Liberated 9 
      

  
 Fe Cemented 18 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 5 

      
  

 Fe Cemented 23 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 21 
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Relative As Mass Frequency of Occurrence
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Fe Liberated 14 
      

  
 Fe Liberated 6 

      
  

 Mn Liberated 7 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 11 
      

  
 Fe Cemented 45 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 18 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 10 

      
  

 Fe Cemented 9 
      

  
 Fe Rimming 13 

      
  

 Fe Liberated 11 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 35 
      

  
 Fe Cemented 12 

      
  

 Mn Rimming 14 
      

  
 Fe Liberated 41 

      
  

 Fe Cemented 11 
      

  
 Fe Rimming 12 

      
  

 Fe Liberated 5 
      

  
 Fe Rimming 5 

      
  

 Fe Liberated 36 
      

  
 Fe Rimming 5 

      
  

 Fe Liberated 50 
      

  
 Fe Rimming 28 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 29 

      
  

 Fe Liberated 18 
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Fe Rimming 7 
      

  
 Fe Cemented 14 

      
  

 Fe Liberated 16 
      

  
 Fe Rimming 9 

      
  

 Fe Liberated 5 
      

  
 Fe Cemented 4 

      
  

 Fe Liberated 55 
      

  
 Fe Liberated 15 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 7 
      

  
 Fe Rimming 9 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 4 

      
  

 Fe Liberated 2 
      

  
 Fe Liberated 5 

      
  

 Fe Cemented 22 
      

  
 Fe Liberated 15 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 40 

      
  

 Fe Liberated 24 
      

  
 Fe Cemented 13 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 23 

      
  

 Fe Cemented 11 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 29 
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Fe Rimming 23 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 30 
      

  
 Fe Cemented 12 

      
  

 Fe Liberated 10 
      

  
 Fe Rimming 9 

      
  

 Fe Rimming 49 
      

  
 Fe Liberated 16 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 17 

      
  

 Fe Cemented 12 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 29 
      

  
 Mn Rimming 11 

      
  

 Mn Rimming 12 
      

  
 Ce Liberated 3 

        Ce Liberated 3 
        Ce Liberated 5 
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SB-30 

Form Association Size(microns) 
        

           
Fe Liberated 13 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

 Fe Liberated 5 
 

total 100 12.66 10.98 1 65 
 Fe Liberated 6 

 
FeOOH 98 12.56 11.01 1 65 

 Fe Liberated 2 
 

MnOOH 2 17.5 0 9 26 
 Fe Cemented 5 

      
  

 Fe Liberated 11 
      

  
 

Fe Liberated 6 
 

Form 
(linear) 
freq  Rm As  

 

Error-
95%  

Fe Liberated 6 
 

% %  %  
 

  
Fe Liberated 4 

 
FeOOH 97.24  99.44  

 
3.21 

Fe Liberated 26 
 

MnOOH 2.76  0.56  
 

3.21 
Fe Cemented 41 

      
  

 
Fe Liberated 5 

 

 
 

     
  

 Fe Rimming 12 
      

  
 Fe Rimming 9 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 16 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 57 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 22 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 11 
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Fe Liberated 10 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 7 

      
  

 Fe Rimming 10 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 22 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 20 

      
  

 Fe Rimming 9 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 7 

      
  

 Fe Cemented 21 
      

  
 Fe Liberated 30 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 23 
      

  
 Fe Liberated 12 

      
  

 Fe Rimming 7 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 44 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 65 
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Fe Liberated 19 
      

  
 Fe Liberated 4 

      
  

 Fe Liberated 4 
      

  
 Fe Rimming 15 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 5 

      
  

 Fe Cemented 2 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 9 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 11 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 15 

      
  

 Fe Liberated 23 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 28 
      

  
 Fe Liberated 22 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 7 

      
  

 Mn Cemented 26 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 1 
      

  
 Fe Cemented 9 

      
  

 Fe Liberated 11 
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Mn Liberated 9 
      

  
 Fe Rimming 11 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 20 

      
  

 Fe Liberated 35 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 27 

      
  

 Fe Liberated 21 
      

  
 Fe Liberated 35 
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SB-34 

Form Association Size (microns) 
        

           
Fe Cemented 21 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

 Fe Liberated 3 
 

total 105 13.14 9.85 1 46 
 Fe Liberated 12 

 
FeOOH 100 13.51 9.9 2 46 

 Fe Liberated 25 
 

MnOOH 3 8.67 4.73 5 14 
 Fe Liberated 11 

 
CeO2 2 1.5 0 1 2 

 Fe Liberated 9 
      

  
 Fe Liberated 14 

      
  

 
Fe Liberated 9 

 
Form 

(linear) 
freq  Rm As  

 

Error-
95%  

Fe Liberated 12 
 

% %  %  
 

  
Fe Liberated 16 

 
FeOOH 97.9  99.13  

 
2.74 

Fe Liberated 6 
 

MnOOH 1.88  0.77  
 

2.6 
Fe Liberated 4 

 
CeO2 0.22  0.1  

 
0.89 

Fe Liberated 5 
        Fe Liberated 8 
      

  
 

Fe Liberated 7 
 

 
 

     
  

 Fe Liberated 9 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 6 
      

  
 Fe Cemented 40 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 16 

      
  

 Fe Liberated 20 
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Relative As Mass Frequency of Occurrence
29 

 



Fe Liberated 5 
      

  
 Fe Liberated 2 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 15 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 11 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 15 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 15 

      
  

 Fe Rimming 22 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 45 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 25 

      
  

 Fe Liberated 21 
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Fe Cemented 46 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 15 

      
  

 Fe Liberated 8 
      

  
 Mn Liberated 7 

      
  

 Mn Liberated 5 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 14 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 17 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 28 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 32 

      
  

 Fe Liberated 40 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 3 

      
  

 Fe Liberated 3 
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Fe Liberated 3 
      

  
 Fe Liberated 6 

      
  

 Fe Rimming 7 
      

  
 Fe Liberated 38 

      
  

 Mn Liberated 14 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 39 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 18 
      

  
 Fe Rimming 11 

      
  

 Fe Liberated 40 
      

  
 Fe Liberated 18 

      
  

 Fe Liberated 32 
      

  
 Fe Liberated 22 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 25 

      
  

 Fe Liberated 20 
      

  
 Ce Liberated 2 

        Ce Liberated 1 
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SB-39 

Form Association Size (microns) 
        

           
Fe Liberated 13 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

 Fe Liberated 8 
 

total 107 9.36 6.31 1 28 
 Fe Liberated 13 

 
FeOOH 102 9.51 6.19 1 28 

 Fe Liberated 7 
 

MnOOH 1 22 0 22 22 
 Fe Cemented 26 

 
CeO2 4 2.5 1 2 4 

 Fe Cemented 23 
      

  
 Fe Liberated 6 

      
  

 
Fe Liberated 28 

 
Form (linear) freq  Rm As  

 

Error-
95%  

Fe Liberated 14 
 

% %  %  
 

  
Fe Liberated 4 

 
FeOOH 96.81  99.21  

 
3.33 

Fe Liberated 5 
 

MnOOH 2.2  0.34  
 

2.78 
Fe Liberated 7 

 
CeO2 1  0.46  

 
1.88 

Fe Liberated 7 
        Fe Liberated 12 
      

  
 

Fe Liberated 7 
 

 
 

     
  

 Fe Rimming 10 
      

  
 Fe Liberated 14 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 11 
      

  
 Fe Liberated 4 

      
  

 Fe Liberated 5 
      

  
 Fe Rimming 10 

      
  

 Mn Rimming 22 
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33 

 



Fe Liberated 9 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 7 
      

  
 Fe Rimming 10 

      
  

 Fe Liberated 9 
      

  
 Fe Cemented 15 

      
  

 Fe Cemented 8 
      

  
 Fe Liberated 5 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 9 

      
  

 Fe Cemented 16 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 10 
      

  
 Fe Liberated 7 

      
  

 Fe Cemented 11 
      

  
 Fe Liberated 12 

      
  

 Fe Rimming 6 
      

  
 Fe Rimming 3 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 13 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 13 
      

  
 Fe Rimming 6 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 7 
      

  
 Fe Rimming 11 

      
  

 Fe Liberated 24 
      

  
 

34 
 



Fe Liberated 6 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 11 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 1 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 1 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 1 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 1 
      

  
 Fe Cemented 1 

      
  

 Fe Cemented 1 
      

  
 Fe Cemented 1 

      
  

 Fe Liberated 5 
      

  
 Fe Cemented 14 

      
  

 Fe Liberated 12 
      

  
 Fe Rimming 11 

      
  

 Fe Liberated 20 
      

  
 Fe Liberated 22 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 11 

      
  

 Fe Rimming 10 
      

  
 Fe Liberated 9 

      
  

 Fe Liberated 8 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 3 
      

  
 Fe Liberated 12 

      
  

 Fe Liberated 7 
      

  
 Fe Liberated 27 

      
  

 Fe Rimming 22 
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Fe Liberated 9 
      

  
 Fe Cemented 12 

      
  

 Fe Liberated 5 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 11 
      

  
 Fe Liberated 9 

      
  

 Fe Rimming 17 
      

  
 Fe Liberated 1 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 7 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 11 

      
  

 Fe Liberated 9 
      

  
 Fe Liberated 6 

      
  

 Fe Liberated 25 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 12 
      

  
 Ce Liberated 2 

        Ce Liberated 2 
        Ce Liberated 2 
        Ce Liberated 4 
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SB-52 

Form Association Size (microns) 
        

           
Fe Rimming 17 

 
Form Number Mean Std-Dev 

Range 
low 

Range 
high 

 Fe Liberated 14 
 

total 127 12.18 10.64 1 52 
 Fe Liberated 5 

 
FeOOH 122 12.47 10.69 2 52 

 Fe Rimming 9 
 

Phosphate 1 17 0 17 17 
 Fe Liberated 13 

 
CeO2 4 2.25 2.5 1 6 

 Fe Liberated 10 
      

  
 Fe Liberated 5 

      
  

 
Fe Rimming 37 

 
Form 

(linear) 
freq  Rm As  

 

Error-
95%  

Fe Liberated 7 
 

% %  %  
 

  
Fe Rimming 9 

 
FeOOH 98.32  99.22  

 
2.24 

Fe Liberated 4 
 

Phosphate 1.1  0.54  
 

1.81 
Fe Rimming 4 

 
CeO2 0.58  0.25  

 
1.32 

Fe Liberated 23 
      

  
 Fe Liberated 5 

      
  

 
Fe Liberated 5 

 

 

 
 

    
  

 Fe Liberated 9 
      

  
 Fe Liberated 25 

      
  

 Fe Liberated 6 
      

  
 Fe Liberated 10 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 8 

      
  

 Fe Cemented 2 
      

  
 Fe Cemented 2 

      
  

 Fe Cemented 2 
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Fe Cemented 2 
      

  
 Fe Liberated 13 

      
  

 Fe Liberated 4 
      

  
 Fe Liberated 45 

      
  

 Fe Liberated 12 
      

  
 Fe Liberated 8 

      
  

 Fe Liberated 11 
      

  
 Phos Liberated 17 
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Photomicrograph 2:  SB24‐4 
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Arsenic Geochemistry 

 
1.0  Arsenic Aqueous Speciation 
Arsenic occurs in two oxidation states in natural waters, +3 (arsenite) and +5 (arsenate).  As(+5) 
exists predominantly as a negatively charged ion (anion) above a pH of about 2.  As(+5) is 
predominantly monovalent (charge of -1) over the pH range of 2 to 7 (H2AsO4), divalent from 
pH 7 to 11.5 (HAsO42-) and trivalent at pH values above 11.5 (AsO43-), as shown in Figure 1. 
 

 
Figure 1 – Arsenate speciation as a function of pH (alpha is the fraction of the total dissolved 
arsenate consisting of the given species). 
 
The aqueous arsenate and arsenite species distribution with Eh and pH are shown in Figure 2. 
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Figure 2 – Eh-pH diagram for the system As-O-H at 25º C and 1 atm. 
 
As(+3) is predominantly a neutral species (H3AsO30) below a pH of about 9. H2AsO3- and 
HAsO3-2 do not become important until the pH exceeds 9 su, which is higher than observed in 
the vast majority of natural waters. 
 
2.0  Arsenic Pure Solid Phase Minerals 
Pure phase arsenic minerals such as orpiment (As2S3), realgar (AsS), and arsenopyrite (FeAsS) 
occur mainly in ore deposits formed from hydrothermal fluids within the Earth's crust. A few 
pure phase arsenic minerals occur under low temperature and low pressure conditions at the 
Earth's surface, such as scorodite (FeAsO42H2O at low pH), and arsenic sulfides (under 
reducing conditions). However, the vast majority of pure phase arsenic minerals are too soluble 
to be present in soils that are in contact with water. 

3.0  Arsenic Solid-Solution Phases 
Arsenic forms solid-solution phases with ferric hydroxide and iron hydroxysulfates such as 
jarosite (HFe3(OH)6(SO4)2) and schwertmannite (Fe8O8(OH)6SO4) and with amorphous silica. 
Arsenate, like silicate, has a tetrahedral form (a central atom coordinated with four oxygen 
atoms) which may facilitate the incorporation of arsenate into amorphous silica.  

Amorphous phases such as ferric hydroxide or schwertmanite tend to substitute hydroxide or 
sulfate for arsenate. A reaction to form an iron-arsenic solid-solution is as follows: 

Fe+3 + xAsO4-3 + (3-3x) OH- → [FeAsO4 2H2O]x[Fe(OH)3]1-x 

The amount of substitution of arsenic into ferric hydroxide is determined by the pH of the 
solution (more arsenic substitution occurs at lower pH values) and the concentration of arsenic 
in solution (higher arsenic concentrations result in more substitution). 
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4.0  Arsenic Adsorption 
Arsenic adsorbs to solid surfaces due partly to interactions between the negatively charged ions 
and a positively charged surface.  Therefore, arsenic adsorption tends to be favored for solid 
materials which are positively charged.  The surface charge of the material depends on the type 
of solid, the pH of the water, and the concentration of other anions in solution. 
 
At low pH values, the water and mineral surfaces have higher concentrations of hydronium ion 
(H3O+) which imparts a positive charge to the surface.  As the pH increases, the hydronium ion 
concentration decreases relative to the hydroxide ion (OH-) concentration in both the water and 
the solid materials within the water.  At a specific threshold pH value called the pH of the zero-
point-of-charge (pHZPC), the surface charge transitions from positive to neutral to negative.  
Once the surface charge becomes negative, adsorption of the negatively charged arsenate ions 
become less prevalent.  The pHZPC is different for different materials, as shown in Table 1. 

 
 

Table 1  pH of the Zero-Point-of-Charge (pHZPC) for Various Minerals1 
Material Formula pHZPC 
Magnetite Fe3O4 6.5 
Goethite FeOOH 7.8 
Hematite Fe2O3 6.7 
Amorphous Ferric hydroxide Fe(OH)3 8.5 
Aluminum Hydroxide γ-AlOOH 8.2 
Aluminum Hydroxide Ά-Al(OH)3 5.0 
Amorphous Silica SiO2 2.0 
Manganese Dioxide δ-MnO2 2.8 
Montmorillonite Clay Na0.2Ca0.1Al2Si4O10(OH)2 •10 H2O 2.5 
Kaolinite Clay Al2Si2O5(OH)4 4.6 
1. Data from Stumm and Morgan (1981) 

 
 

The materials with a higher pHZPC are able to maintain a positive charge at a higher pH than for 
materials with a lower pHZPC.  Of the materials listed in Table 1, amorphous ferric hydroxide is 
the best anion adsorbent at higher pH values (below 8.5). 
 
Under typical Eh/pH conditions, As(+3) is a neutral ion and does not adsorb well to negatively 
or positively charged surfaces.  Therefore, As(+3) is roughly 4-10 times more mobile than As(+5) 
(Duel and Swoboda, 1972).  In addition, As(+3) is about 60 times more toxic to humans than 
arsenate (Hounslow, 1980).   
 
Arsenic has a strong affinity for iron phases and minerals. Strong correlations between arsenic 
and iron have been found in soils (Woolson et al., 1971; Duel and Swoboda 1972); in ores 
(Shnyukov, 1963); within ferrihydrite impurities in phosphate pebbles (Stow, 1969); and in 
sediments impacted by arsenic-containing groundwaters (Whiting, 1992).   
 
The solid material properties not only control the degree to which arsenic is adsorbed at a given 
pH, but also the amount of arsenic that can be adsorbed before the surface of the solid becomes 
saturated. The process is described mathematically by the Langmuir Isotherm, which is as 
follows: 
 

C (solid) = Kl*Am*C(soln)/(1+Kl*C(soln))            (2) 

3 
 



 
Where, 
 
C(solid) = concentration of arsenic adsorbed to the solid phase (mg/kg) 
C(soln)  = concentration of arsenic dissolved in the solution phase (mg/L) 
Am  = maximum adsorption capacity of the solid (mg/kg) 
Kl  = Langmuir adsorption constant 
 
Examples of Langmuir Adsorption Isotherms for three different solid materials are illustrated in 
Figure 3. 
 

 
Figure 3 – Langmuir Isotherms illustrating arsenate adsorption capacities of Fe(OH)3(s), 
kaolinite, and montmorillonite at a pH of 5 su. Langmuir adsorption constants (Kl and Am) 
are from Pierce and Moore (1982) for Fe(OH)3(s) and Frost and Griffin (1977) for kaolinite and 
montmorillonite. 
 
The adsorption of arsenate as illustrated in Figure 3 can be understood by imagining a “clean” 
soil or sediment which is subjected to waters with increasing arsenate concentrations (such as a 
with the expansion of an arsenate-bearing groundwater plume). As concentrations in the 
arsenate solution increase, increasingly greater amounts of arsenate can be “forced” onto the 
solid surface. This process is seen in Figure 3 as the steep part of the curve. As the arsenate 
concentrations on the soil continue to increase, a point is eventually reached where the solid 
surfaces are completely saturated with arsenate and there is no more capacity for additional 
arsenate adsorption. No matter how high the dissolved arsenate concentrations become, the 
solid arsenate concentration remains constant. The flat part of the curve describes the saturation 
point of the solid. The Langmuir Am constant is the adsorption capacity and determines the 
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level of the flat portion of the curve, while the Kl constant determines the rate at which Am is 
reached (the steepness of the initial segment of the curve). 
 
Figure 3 shows that at pH 5, iron hydroxide has a much higher arsenate adsorption capacity 
than montmorillonite or kaolinite clays. Theoretically, a sample of ferric hydroxide could be 
analyzed, and the concentration of arsenic could be compared to Am. If the analytical result of 
the solid is significantly higher than Am, then arsenate is likely controlled by coprecipitation 
rather than adsorption. However, in practice, soils and sediments are rarely composed of a 
single phase, but are instead heterogeneous mixtures of different minerals with varying 
amounts of iron hydroxide present. However, the affinity of arsenate for iron minerals such as 
iron hydroxide can be used to evaluate the fate and transport of arsenate when exposed to soils 
of varying iron contents. 
 
pH also has a significant effect on the adsorption capacity of arsenic, as shown in Table 2. 
 
 

Table 2 - Adsorption Capacity of Arsenate and Arsenite vs. pH 

pH 
Arsenate Adsorption Capacity (mg/kg) 

Arsenite Adsorption 
Capacity (mg/kg) 

Fe(OH)3 (s)1 Al(OH)3 (s)2 Fe(OH)3 (s)1 
5 82,412 119,872 34,688 
6 63,682 110,732 37,685 
7 34,014 88,331 38,434 
8 16,932 62,783 36,561 
9 10,189 37,535 31,242 

1. Pierce and Moore (1982)  
2. Anderson et al. (1976)  

 
The pH dependence is due to the speciation of arsenic and the surface charge of the solid at 
different pH values. Arsenate is a negatively charged ion (anion) at pH values greater than 
about 2 (Figure 1), while the aluminum and iron hydroxides tend to be positively charged. 
However, as the pH increases, the surfaces of the solids become less positive and the arsenate 
species become increasingly negative resulting in fewer adsorption sites. Arsenite, being a 
neutral species below pH 9 (Figure 2), is relatively insensitive to changes in pH. 
 
5.0  Adsorption Kinetics 
The kinetics of arsenic adsorption onto iron oxyhydroxides has been found to be generally very 
rapid. Luengo et al., (2007) found that arsenic adsorption onto granular ferric hydroxide (GFH) 
occurs in two stages, the first of which occurs in less than 5 minutes and the second over the 
course of several hours or more. The second, slower stage was thought to be controlled by 
diffusion of the water into the small pore spaces of the media. 
 
6.0  Competing Chemical Species 
The following paragraphs discuss various constituents that will compete with arsenic for the 
adsorption sites on an solid media. 
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Silica 
Silica competes with arsenic for adsorption sites, and can affect both the effectiveness and the 
adsorption capacity of adsorption media such as E33. As the pH of the solution increases (above 
about 8.5 su), not only does the surface charge of the media become negative, which tends to 
repel negatively charged arsenic oxyanions, but the dissolved silica species go from neutral 
species to predominantly charged anions, which compete with arsenic for specific adsorption 
sites (see Figure 4).  
 
 

 
Figure 4 - Silica speciation as a function of pH (alpha is the fraction of the total dissolved 
silica consisting of the given species). 
 
Gustafssona and Bhattacharyaa (2007) found that silica concentrations of 0.14 mg/L had only a 
minor effect on the adsorption of arsenic, while concentrations of 14 mg/L silica had a very 
significant effect. Based on their calibrated modeling results, adsorption of arsenate onto 
ferrihydrite in the presence of 0.14 mg/L silica (as Si) was predicted to have a partition 
coefficient (Kd) of 20,000 (mol/L adsorbed As / mol/L dissolved As). However, in the presence 
of only 14 mg/L silica, the Kd decreased by three orders of magnitude to just 20.  
 
Highfield (2002) found that the arsenic adsorption capacity was significantly decreased by the 
presence of silica as well. A capacity of 1 mg As/g GFH (1000 mg/kg) was obtained for a pH 7 
water spiked with 28 mg/L Si, compared to a baseline capacity of 15 mg As/g GFH (15,000 
mg/kg). Möller and Sylvestera (2007) found that the presence of dissolved silica results in 
increased competition and a decease in the adsorption capacity of the media as the pH is 
increased (as predicted by Figure 4). In the presence of 31 mg/L silica, the capacity of the iron 
oxide-based media tested was decreased 71.8% when the pH was increased from 7 to 9 su. 
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Phosphate 
Phosphate competes with arsenate for adsorption sites resulting in less arsenate adsorption and 
greater mobility. Gustafsson and Bhattacharya (2007) reviewed spectroscopic data 
(EXAFS/XANES) conducted by a number of investigators which showed that arsenate and 
arsenite both form strong inner sphere complexes with the surface of a metal oxide. An inner 
sphere complex is one in which the oxygen atoms of the arsenate or arsenite ion are shared with 
the oxygen atoms associated with the metal oxide surface (forming a covalent bond). Phosphate 
ion was found to be adsorbed in a similar fashion, which helps to explain why competition 
between arsenic and phosphorous is prevalent over the entire pH range. Modeling results 
showed that at pH = 8 su, and a phosphate concentration of 0.03 mg/L the As Kd was 15,800 
(dimensionless), but when the phosphate was increased by two orders of magnitude (3 mg/L), 
the Kd decreased to 630. Stachowicz et al., (2007) found that competition between arsenate and 
phosphate was significant and of much greater magnitude than for other anions such as 
carbonate/bicarbonate. 
 
Dissolved Organic Matter (DOM) 
Bauer and Blodau (2006) found that up to 53.3% of the arsenic adsorbed onto iron oxide could 
be desorbed by a 25-50 mg/L solution of DOM derived from peat. The authors determined that 
the leaching effect was due mainly to competition between DOM and arsenic, as iron and 
arsenic reduction was minor under the conditions of the experiment. Gustafsson and 
Bhattacharya (2007) found that DOM is a particularly important competing ion when the 
surface of the iron oxide is coated with humic substances. The anionic nature of DOM and the 
affinity of the carboxylic and phenolic function group of the DOM for the oxide surface help to 
explain the adsorption of DOM onto iron oxyhydroxides. 
 
Carbonate/Bicarbonate 
In the absence of phosphate and at high CO2 partial pressures, carbonate/bicarbonate 
competition with arsenic can be significant. Gustafsson and Bhattacharya (2007) found that at 
near-neutral pH, and CO2 partial pressures ranging up to 1.8 x 10-2 atm (50 times the 
atmospheric value), competition between carbonate species and arsenic is very similar to the 
effect of 14 mg/L Si (a decrease in the Kd of three orders of magnitude). 
 
Other Ions 
Other ions such as chloride, sulfate, and nitrate have little or no effect on arsenic adsorption, 
while the effect of selenium, molybdenum, and vanadium is minor (Youngran et al., 2007).  
 
Summary of Ions that Compete With Arsenic 
A summary of the importance of each species as a competitor with arsenic for adsorption sites 
on iron oxyhydroxide media is presented in Table 3. 
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Table 3 – Summary of Ions Which Compete with Arsenic for Adsorption Sites on Oxide 
Surfaces 
Competing Species Importance 
Phosphate (HPO4-2, H2PO4-1), Silicate 
(H4SiO40, H3SiO4-1), Carbonate (CO3-2, HCO3-1) 

Significant 

Dissolved Organic Matter (DOM), Vanadate 
(VO4-3, HVO4-2, H2VO4-1), Molybdenate 
(MoO4-2, HMoO4-1) and selenite (SeO3-2, and 
HSeO3-1)  

Moderate 

Sulfate (SO4-2), Chloride (Cl-1), and Nitrate 
(NO3-2) Selenate (SeO4-3, HSeO4-2, H2SeO4-1) 

Minor 

 
The qualification of each species as “significant”, “moderate”, or “minor” is obviously 
subjective and is influenced by the amount of the species present. For example, competition 
between arsenic and vanadium is moderate at best unless the water under consideration 
happens to have high concentrations of vanadium, in which case the importance could become 
significant. 
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Attachment F 



 

 

 

pH = 7 su
[Ca]  = 700 mg/L
Eh = 400 mv
Conductivity= 1950 umho/cm 3.32E-02 ionic strength

Species
Gamma Activity Concentration As Atoms As Conc.

log K Charge (z) (Davies) (molar) (molar) (molar) M%
-18.1 log[AsO4-3]= -3 0.19 -6.41 3.86E-07 1.99E-06 1 1.987E-06 0.0%
11.50 log[HAsO4-2]= -2 0.48 -1.91 0.012211 2.55E-02 1 0.0255074 66.86%
6.93 log[H2AsO4-]= -1 0.82 -1.98 0.010393 1.26E-02 1 0.0126386 33.13%
2.21 log[H3AsO40]= 0 0.98 -6.77 1.69E-07 1.71E-07 1 1.711E-07 0.00%

19.44 log[H3AsO3
0]= 0 0.98 -14.85 1.41E-15 1.44E-15 1 1.437E-15 0.00%

-9.23 log[H2AsO3-]= -1 0.82 -17.08 8.37E-18 1.02E-17 1 1.018E-17 0.00%
-21.33 log[HAsO3

2-]= -2 0.48 -22.18 6.62E-23 1.38E-22 1 1.383E-22 0.00%
-34.74 log[AsO3

3-]= -3 0.19 -28.59 2.55E-29 1.31E-28 1 1.313E-28 0.00%
-12.70 log[Ca+2]= 2 0.48 -2.06 0.008733

log[CaSO4]= 0.008733
0.0381481

Results
Solubility = 2858.133 mg/L as As
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 Technical Memorandum
Relative Bioavailability (RBA)

Risk Reduction Standards (RRSs)
Fire Station 19, HSI #10844

Duluth, Gwinnett County, Georgia
March 17, 2015

A Voluntary Investigation and Remediation Plan (VIRP) has been approved for the Fire Station 19 

site. The VIRP recommended a bioavailability evaluation of the arsenic in soil. Soil In vitro 

bioavailability (IVBA) testing was completed to determine the arsenic bioavailability. Electron 

microprobe (EMP) analyses were also recommended in the VIRP to support the bioavailability 

evaluation and to evaluate potential arsenic at Fire Station 19. The sampling and bioavailability/ 

EMP analyses were completed from October 21
st

 to November 24
th

 of 2014. The Georgia 

Environmental Protection Division (EPD) approved the VIRP on January 15, 2015. This technical 

memorandum presents the IVBA results and proposed soil Risk Reduction Standards (RRSs). 

1.0 Introduction 
Twenty soil samples were collected from Fire Station 19 on October 21, 2014 (Figure 1). The samples 

were delivered to CDM Smith’s Denver laboratory for preparation and then delivered to the 

University of Colorado Geological Sciences Laboratory for analyses. All samples were analyzed for 

total arsenic and IVBA testing. The EMP analyses are reported in a separate technical memorandum. 

Discussions are provided below related to arsenic bioavailability, IVBA methodology, calculations of 

the results, and the proposed soil arsenic RRSs for Fire Station 19. 

2.0 Arsenic Bioavailability 
Arsenic in soil can be naturally occurring with background concentrations in the United States 

typically ranging from 1 to 25 mg/kg (Smith et al. 2013). Higher soil arsenic concentrations can occur 

from mining, smelting, leather tanning, wood preservation, or pesticides. CDM Smith concluded from 

the EMP testing that the arsenic at Fire Station 19 is likely a result of historic agricultural land use. A 

soluble arsenic form such as calcium arsenate was likely applied to crops. The soluble arsenic was 

then attenuated in soil, by precipitation with iron oxyhydroxides or adsorbed onto existing iron 

oxyhydroxide minerals, resulting in a less soluble form.  

Incidental soil ingestion is the primary exposure route to arsenic in soil. Accurate human health risk 

assessment resulting from incidental arsenic ingestion requires knowledge of the arsenic 

bioavailability in the soil. Oral bioavailability is the amount of arsenic absorbed into the body 

following ingestion, also referred to as the oral absorption fraction. 

Arsenic absorption depends mainly on the physical and chemical attributes. Some arsenic forms such 

as sodium arsenate are highly soluble in gastrointestinal fluid and are efficiently absorbed into the 

blood of most animal species (Juhasz et al. 2006, ATSDR 2007). Arsenic adsorbed to iron-bearing soil 

particles are not as readily dissolved and passed from the body. Because the form of arsenic in soil 

varies, the arsenic bioavailability also varies. 

Gastrointestinal absorption of ingested arsenic may be described either in absolute or relative terms. 

Absolute bioavailability (ABA) is the ratio of the amount of arsenic absorbed to the amount ingested; 

this ratio is also referred to as the oral absorption fraction. Relative bioavailability (RBA) is the ratio of 
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the absolute oral bioavailability of arsenic in soil (ABAtest) to the absolute oral bioavailability of arsenic 

in a reference material (ABAreference), as shown below: 

RBA = ABAtest/ABAreference 

Oral toxicity values for arsenic, including the oral reference dose and cancer slope factors, are based 

on studies of human populations exposed to arsenic in drinking water (U.S. Environmental Protection 

Agency [EPA] 1998). Therefore, the most appropriate form of arsenic for use as a reference material 

is a readily soluble arsenic compound, such as sodium arsenate. The National Environmental Policy 

Institute (NEPI) document, Assessing the Bioavailability of Metals in Soil for Use in Human Health Risk 

Assessment (NEPI 2000), provides additional information on the bioavailability of metals in soil. 

3.0 IVBA Methodology 
Although RBA can be measured in vivo using animals (e.g., swine, monkeys), such studies are 

generally slow and costly. An alternative strategy is to perform in vitro measurements of arsenic 

solubility in the laboratory. The IVBA laboratory method for arsenic (Drexler 2012) was derived from 

the IVBA laboratory method developed for lead (EPA 9200.2-86; EPA 2012b). 

In brief, a sample of soil is screened to a <250 μm size fraction and arsenic is extracted using a fluid 

that has properties that resemble gastrointestinal fluid (i.e., pH 1.5), residence time in the stomach, 

temperature, and soil to liquid ratio (i.e., relative amounts of soil and gastrointestinal fluid). The soil 

<250 μm size fraction was used because this soil particle size is representative of that which adheres 

to children’s hands and may be ingested (EPA 2000). The amount of arsenic solubilized from the 

sample into the fluid is measured. The fraction of arsenic that is solubilized is referred to as the IVBA. 

The IVBA is then utilized to predict the RBA through an empiric correlation model.  

CDM Smith was part of the team of scientists that validated the arsenic IVBA method and developed 

the RBA correlation model for arsenic. This correlation model is presented in Brattin et al. (2013) and 

is based on 20 test materials from mining, smelting, herbicide, pesticide, wood-treating, and chemical 

plant sites across the United States that have both RBA and IVBA data. For this correlation model, the 

arsenic RBA measurements are based on in vivo juvenile swine studies (Brattin and Casteel 2013) and 

the arsenic IVBA measurements are based on an extraction fluid with a pH of 1.5. As shown in Brattin 

et al. (2013), arsenic RBA can be estimated from measurements of arsenic IVBA as follows: 

RBA = 19.7 + (0.62 • IVBA)   (R
2
 = 0.723) 

Where: 

 RBA = Estimated relative bioavailability (expressed as a percentage) 

 IVBA = Measured in vitro bioavailability (expressed as a percentage) 

Notice in the above equation that the intercept is 19.7%, which means that the lowest RBA that can 

be predicted using this model is 19.7%. This means that even if the actual IVBA is 0%, this model will 

conservatively estimate the RBA at 19.7%. 

IVBA testing was conducted on 20 soil samples from Fire Station 19 to determine the site-specific 

arsenic RBA. IVBA analyses were performed by Dr. John Drexler at the University of Colorado in 

Boulder, Colorado. Table 1 presents the results of the IVBA testing. The arsenic concentration in the 
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extraction fluid was below the method detection limit of <0.2 μg/L for 14 of 20 samples. For the six 

samples with detected concentrations of arsenic, the estimated IVBA values ranged from 0.6% to 

13%. For the non-detect samples, the IVBA is less than 0.1%. 

Table 1 also presents the arsenic RBA values calculated from the IVBA using the equation presented 

above. The calculated RBA values for the detected samples ranged from 20.1% to 27.8%. For the non-

detect samples, the arsenic RBA equals the 19.7% intercept. 

4.0 RBA Calculations 
EPA’s Risk Assessment Guidance for Superfund (RAGS) Part A (EPA 1989), Framework for Metals Risk 

Assessment (EPA 2007a), and Guidance for Evaluating the Bioavailability of Metals in Soils for Use in 

Human Health Risk Assessment (EPA 2007b) discuss how RBA data are used to make adjustments to 

exposure estimates in site-specific risk assessments.  

The arsenic bioavailability in soil varies from site to site and depends on the chemical form, as well as 

the physical and chemical characteristics arsenic-bearing soil particles. For this reason, EPA 

recommends the collecting site-specific RBA data where feasible for improving the site risk 

characterization (EPA 2007b). The RBA can be used to adjust the toxicity values when quantifying 

cancer risks and non-cancer hazards as follows: 

SFo-adjusted = SFo ⋅ RBA 

RfDo-adjusted = RfDo / RBA 

Where: 

 SFo = Oral slope factor (mg/kg/day)-1 

 RfDo = Oral reference dose (mg/kg/day) 

 RBA = Relative bioavailability (dimensionless) 

These adjusted toxicity values are used to develop risk-based remediation goals for soil (EPA 2002). 

The site-specific RBA ranges from approximately 20-30%. To be conservative, a site-specific RBA of 

30% was selected. The following RBA-adjusted toxicity values for arsenic were calculated based on 

the site-specific data. 

Arsenic SFo-adjusted = 1.5 (mg/kg/day)
-1

 ⋅ 0.3 = 0.45 (mg/kg/day)
-1

 

Arsenic RfDo-adjusted = 3.0E-04 mg/kg/day / 0.3 = 1.0E-03 mg/kg/day 

5.0 Proposed RRSs 
The following arsenic RSSs for soil were presented in the VIRP. 

� Type 1 Residential: 20 mg/kg 

� Type 3 Non-Residential: 20 mg/kg 

� Type 4 Non-Residential: 38 mg/kg in surface soil 
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� Type 5 Construction Worker: 881 mg/kg in surface soil 

CDM Smith has recalculated the Type 4 and the Type 5 construction worker scenario RRSs using the 

conservative 30% RBA. Additional RRSs included in Attachment A include a Type 2 soil RRS and a Type 

5 RRS based on a trespasser exposure scenario that also use the 30% RBA. The RRS calculations, input 

parameters, and assumptions are provided in Attachment A and discussed below. 

Type 2 Residential Exposure 

The Type 2 RRS equations, inputs, and assumptions all conform to Appendix III of the Georgia Rules 

for Hazardous Site Response (Rules) and the default child exposure parameters provided on the EPD 

website. SFo-adjusted and RfDo-adjusted values were used for toxicity. Based on calculation of child and 

adult exposures for carcinogenic and noncarcinogenic effects, the carcinogenic effect for a child is the 

lowest arsenic concentration and it is 20.3 mg/kg. As stated in the VIRP, this is a non-residential 

property and an Environmental Covenant (EC) is proposed. However, the property is not fenced or 

controlled. The current property uses for the County’s fueling purposes and operation as a fire station 

require relatively free and unencumbered access. As a result, a Type 4 non-residential RRS and a Type 

5 trespasser RRS have been developed, as described below. 

Type 4 Non-Residential Exposure 

The Type 4 RRS equations, inputs, and assumptions all conform to Appendix III of the Rules. SFo-adjusted 

and RfDo-adjusted values were used for toxicity. Based on calculation adult exposures for carcinogenic 

and noncarcinogenic effects, the carcinogenic effect is the lowest arsenic concentration and it is 127 

mg/kg. 

Type 5 Trespasser Exposure 

Assuming that a vagrant dwells on the property for an extended period of time is a commonly used 

trespasser scenario. However, this scenario has an extremely low probability because fire station 

personnel are at the property 24 hours per day and 7 days per week and the fire station personnel 

are responsible for determining the nature of anyone’s business entering the property. CDM Smith 

learned this first hand during our initial site visits when we were questioned within about 10 minutes 

of arriving on the property. 

A more realistic exposure scenario concerns the public crossing the property from residential areas to 

the west in order to access bus stops or commercial businesses to the east of the property. To be 

conservative, CDM Smith assumed that the trespasser included an adult and a child. While walking 

across the property from east to west can be easily completed in less than five minutes, CDM Smith 

conservatively assumed that the crossing duration would be one hour to account for loitering until a 

bus was scheduled to arrive or to entertain the child. CDM Smith also assumed that a return trip 

would also be required, resulting in the adult and child occupying the property for a daily duration of 

2 hours. 

The residential Type 2 equations, inputs, and assumptions were generally used for the adult and child 

trespasser scenario and the SFo-adjusted and RfDo-adjusted values were used for toxicity. However, 

modifications were made to account for occupying the property for 2 hours rather than 24 hours per 

day. This was accomplished by adjusting the default child and adult residential inhalation rates and 
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soil ingestion rates, which are based on a 24-hour exposure period per day, downward by a factor of 

2/24. Based on calculation of child and adult exposures for carcinogenic and noncarcinogenic effects, 

the child carcinogenic effect is the lowest arsenic concentration for this scenario and it is 243 mg/kg. 

Type 5 Construction Worker Exposure 

The Type 5 construction worker scenario assumptions were presented in the VIRP and those 

assumptions were not changed in calculating the revised RRS using the SFo-adjusted and RfDo-adjusted 

values for toxicity. The revised RSS is for noncarcinogenic effects and it is 2,940 mg/kg. 

Proposed Arsenic RRS 

The lowest applicable RRSs have been selected for use at the property and their use is dependent on 

an EC being obtained that will restrict the property to non-residential use and disallow the use of 

groundwater from beneath the property. The Type 4 non-residential RRS of 127 mg/kg arsenic in soil 

will be applied for surface soil in open areas of the site that are not paved or covered by a building. 

Corrective action will be completed, as described in the VIRP, to the open areas that exceed 127 

mg/kg arsenic in surface soil. Exposure to subsurface soil will be restricted to construction workers 

and the Type 5 construction worker RRS of 2,940 mg/kg arsenic in soil will apply. Because no soil 

areas exceed 2,940 mg/kg arsenic, corrective action is not required. However, any construction 

activities that occur on the property will properly manage soil as contaminated media. 
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Boring 

Location

Processed 
(1)

Soil Arsenic

mg/kg

Extraction

Soil Mass

g

Extract

Arsenic

μg/L

Fluid

Volume

L

Arsenic

IVBA 
(2)

%

Arsenic

RBA

%

SB‐1 99 1.00152 <0.2 0.1 NA NA

SB‐3 554 1.005 102 0.1 1.8% 20.8%

SB‐8 125 1.0004 <0.2 0.1 NA NA

SB‐9 99 1.0009 <0.2 0.1 NA NA

SB‐14 310 1.00801 <0.2 0.1 NA NA

SB‐15 34 1.00157 <0.2 0.1 NA NA

SB‐18 67 1.00116 <0.2 0.1 NA NA

SB‐19 89 1.00442 <0.2 0.1 NA NA

SB‐20 89 1.00838 <0.2 0.1 NA NA

SB‐21 144 1.00157 <0.2 0.1 NA NA

SB‐24 314 1.0044 39 0.1 1.2% 20.4%

SB‐25 207 1.00789 14 0.1 0.7% 20.1%

SB‐27 205 1.00253 12 0.1 0.6% 20.1%

SB‐30 134 1.00456 <0.2 0.1 NA NA

SB‐34 103 1.00947 139 0.1 13% 27.8%

SB‐35 104 1.01199 <0.2 0.1 NA NA

SB‐38 62 1.0053 <0.2 0.1 NA NA

SB‐39 127 1.00568 <0.2 0.1 NA NA

SB‐43 88 1.00497 <0.2 0.1 NA NA

SB‐52 195 1.00547 15 0.1 0.8% 20.2%

NA ‐ Not Applicable: No calculation for arsenic below the detection limit in the extract.

Notes

1 ‐ Soil was processed to contain particle sizes less than 250 μm.

2 ‐ In vitro  bioavailability (IVBA) =                  Extract Arsenic x Fluid Volume                          X 100

                                                                    Processed Soil Arsenic x Extraction Soil Mass / 1,000

If Extract Arsenic is less than 0.2 μg/L, then IVBA is less than 0.1%

3 ‐ Relative Bioavailability (RBA) = 19.7 + (0.62 x IVBA): Brattin et al.  2013.

If arsenic is not detected in the extract, the RBA = 19.7%.

Table 1: Soil Arsenic and RBA Data Summary
Fire Station 19, HSI #10844

Duluth, Gwinnett County, Georgia
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Appendix A 



Parameter Definition (units) Default Value Source

Ccar = Concentration in soil (mg/kg) Calculated Not Applicable

TRA/B Carcinogen Class A/B target excess lifetime cancer risk (none) 1.E-05 HSRA Rules

TRC Carcinogen Class C target excess lifetime cancer risk (none) 1.E-04 HSRA Rules

Inhalation cancer slope factor (mg/kg-dy)
-1

= IUR x 1,000 x BW 70 kg / IRair 20 m
3
/dy

IUR Inhalation unit risk (ug/m
3
)
-1 Chemical-Specific Not Applicable

SFo Oral cancer slope factor (mg/kg-dy)
-1 Chemical-Specific Not Applicable

ATcar-adult Adult averaging time (yr) 70 HSRA Rules

ATcar-child child averaging time (yr) 70 HSRA Rules

Parameter Definition (units) Default Value Source

Cnoncar = Concentration in soil (mg/kg) Calculated Not Applicable

THI Target hazard index (none) 1 HSRA Rules

RfDo Oral chronic reference dose (mg/kg-dy) Chemical-Specific Not Applicable

Inhalation chronic reference dose (mg/kg-dy)

= RfCi x IRair 20 m
3
/dy / BW 70 kg

RfCi Inhalation reference concentration (mg/m
3
) Chemical-Specific Not Applicable

ATnoncar-adult Adult averaging time (yr) 30 HSRA Rules

ATnoncar-child child averaging time (yr) 6 HSRA Rules

SFi Chemical-Specific Not Applicable

RAGS Equation 7

Type 2 Site-Specific Residential Soil - Noncarcinogenic Effects

Cnoncar mg/kg = 
THI x BW x ATnoncar x 365 days/year

ED x EF x [{(1/RfDo) x 10
-6

 kg/mg x IRsoil} + {(1/RfDi) x IRair x (1/VF + 1/PEF)}]

RfDi Chemical-Specific Not Applicable

RAGS Equation 6

Type 2 Site-Specific Residential Soil - Carcinogenic Effects

Ccar mg/kg = 
TR x BW x ATcar x 365 days/year

EF x ED x [(SFo x 10
-6

 kg/mg x IRsoil) + (SFi x IRair x {1/VF + 1/PEF})]

Page 1 of 2

Type 2 Soil RRS Equations
Fire Station 19 (HSI #10844)

Duluth, Gwinnett County, Georgia



BWadult Adult body weight (kg) 70 HSRA Rules

BWchild child body weight (kg) 15 HSRA Rules

EF Exposure frequency (dy/yr) 350 Site Specific

EDadult Adult exposure Duration (yr) 30 HSRA Rules

EDchild child exposure Duration (yr) 6 HSRA Rules

IRair-adult Adult inhalation rate (m
3
/dy) 15 HSRA Rules

IRair-child child inhalation rate (m3/dy) 15 HSRA Rules

IRsoil-adult Adult soil ingestion rate (mg/dy) 114 HSRA Rules

IRsoil-child child soil ingestion rate (mg/dy) 200 HSRA Rules

PEF Particulate emission factor (m
3
/kg) 4.63E+09 HSRA Rules

Parameter Definition (units) Default Value Source

LS Length of side of contaminated area (m) 45 HSRA Rules

V Wind speed in mixing zone (m/s) 2.25 HSRA Rules

A Area of contamination (cm
2
) 2.03E+07 HSRA Rules

DH Diffusion height (m) 2 HSRA Rules

α (Dei x E)/[E + (ρs x (1-E)/Kas)] (cm
2
/s) Chemical-specific HSRA Rules

T Exposure Interval (s) 7.90E+08 HSRA Rules

ρs Density of soil solids (g/cm
3
) 2.65 HSRA Rules

Dei Effective diffusivity (cm
2
/s) Di x E

0.33 HSRA Rules

Di Molecular Diffusivity (cm
2
/s) Chemical-specific Not Applicable

E Total soil porosity 0.35 HSRA Rules

Kas Soil-air partition coefficient (g soil/cm
3
 air) (H/Kd) x 41 HSRA Rules

H Henry's Law Constant (atm-m
3
/mole) Chemical-specific Not Applicable

Kd Soil-water partition coefficient (cm
3
/g) KOC x OC HSRA Rules

KOC Organic carbon partition coefficient (cm
3
/g) Chemical-specific Not Applicable

OC Soil Organic Carbon Content (none) 2.0E-02 HSRA Rules

RAGS: Risk Assessment Guidance for Superfund, Volume I - Human Health Evaluation Manual (Part B, Chapter 3, Development 

of Risk-Based Preliminary Remediation Goals), U.S. Environmental Protection Agency, December 1991.

http://www.epa.gov/oswer/riskassessment/ragsb/pdf/chapt3.pdf

http://rules.sos.state.ga.us/docs/391/3/19/Appendix%20I-IV.pdf

Standard Assumptions

HSRA Rules: Georgia Hazardous Response Act Rules, 391-3-19, Appendix III, Media Target Concentrations and Standard 

Exposure Assumptions.

Soil-to-Air Volatilization Factor (VF)

VF (m
3
/kg) =

(LS x V x DH) x (π x α x T)
1/2

A x 2 x Dei x E x Kas x 10
-3

 kg/g

Page 2 of 2

Type 2 Soil RRS Equations
Fire Station 19 (HSI #10844)

Duluth, Gwinnett County, Georgia



Arsenic A 1.E-05 1.51E+01 4.30E-03 4.50E-01 3.32E+01 2.03E+01 1 1.00E-03 1.50E-05 4.29E-06 6.40E+02 7.82E+01 2.03E+01

Note: The above standard excludes leaching to groundwater.

Ccar-child

mg/kgSubstance

Type 2 Site-Specific 

Residential Soil RRS 

mg/kgTHI

RfDo

mg/kg-dy

RfCi

mg/kg-dy

RfDi

mg/kg-dy

Cnoncar-adult

mg/kg

Cnoncar-child

mg/kg

RAGS Eq 7 - Noncarcinogenic Effects

Carcinogen

Class TR

Sfi

(mg/kg-dy)
-1

IUR

(ug/m
3
)
-1

Sfo

(mg/kg-dy)
-1

RAGS Eq 6 - Carcinogenic Effects

Ccar-adult

mg/kg

Page 1 of 1

Type 2 Soil RRS Calculations
Fire Station 19 (HSI #10844)

Duluth, Gwinnett County, Georgia



Parameter Definition (units) Default Value Source

Ccar = Concentration in soil (mg/kg) Calculated Not Applicable

TRA/B Carcinogen Class A/B target excess lifetime cancer risk (none) 1.E-05 HSRA Rules

TRC Carcinogen Class C target excess lifetime cancer risk (none) 1.E-04 HSRA Rules

Inhalation cancer slope factor (mg/kg-dy)
-1

= IUR x 1,000 x BW 70 kg / IRair 20 m
3
/dy

IUR Inhalation unit risk (ug/m
3
)
-1 Chemical-Specific Not Applicable

SFo Oral cancer slope factor (mg/kg-dy)
-1 Chemical-Specific Not Applicable

ATcar-adult Adult averaging time (yr) 70 HSRA Rules

ATcar-child child averaging time (yr) NA

Parameter Definition (units) Default Value Source

Cnoncar = Concentration in soil (mg/kg) Calculated Not Applicable

THI Target hazard index (none) 1 HSRA Rules

RfDo Oral chronic reference dose (mg/kg-dy) Chemical-Specific Not Applicable

Inhalation chronic reference dose (mg/kg-dy)

= RfCi x IRair 20 m
3
/dy / BW 70 kg

RfCi Inhalation reference concentration (mg/m
3
) Chemical-Specific Not Applicable

ATnoncar-adult Adult averaging time (yr) 25 HSRA Rules

ATnoncar-child child averaging time (yr) NA

SFi Chemical-Specific Not Applicable

RAGS Equation 7

Type 4 Site-Specific Non-Residential Soil - Noncarcinogenic Effects

Cnoncar mg/kg = 
THI x BW x ATnoncar x 365 days/year

ED x EF x [{(1/RfDo) x 10
-6

 kg/mg x IRsoil} + {(1/RfDi) x IRair x (1/VF + 1/PEF)}]

RfDi Chemical-Specific Not Applicable

RAGS Equation 6

Type 4 Site-Specific Non-Residential Soil - Carcinogenic Effects

Ccar mg/kg = 
TR x BW x ATcar x 365 days/year

EF x ED x [(SFo x 10
-6

 kg/mg x IRsoil) + (SFi x IRair x {1/VF + 1/PEF})]
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BWadult Adult body weight (kg) 70 HSRA Rules

BWchild child body weight (kg) NA

EF Exposure frequency (dy/yr) 250 Site Speciifc

EDadult Adult exposure Duration (yr) 25 HSRA Rules

EDchild child exposure Duration (yr) NA

IRair-adult Adult inhalation rate (m
3
/dy) 20 HSRA Rules

IRair-child child inhalation rate (m3/dy) NA

IRsoil-adult Adult soil ingestion rate (mg/dy) 50 HSRA Rules

IRsoil-child child soil ingestion rate (mg/dy) NA

PEF Particulate emission factor (m
3
/kg) 4.63E+09 HSRA Rules

Parameter Definition (units) Default Value Source

LS Length of side of contaminated area (m) 45 HSRA Rules

V Wind speed in mixing zone (m/s) 2.25 HSRA Rules

A Area of contamination (cm
2
) 2.03E+07 HSRA Rules

DH Diffusion height (m) 2 HSRA Rules

α (Dei x E)/[E + (ρs x (1-E)/Kas)] (cm
2
/s) Chemical-specific HSRA Rules

T Exposure Interval (s) 7.90E+08 HSRA Rules

ρs Density of soil solids (g/cm
3
) 2.65 HSRA Rules

Dei Effective diffusivity (cm
2
/s) Di x E

0.33 HSRA Rules

Di Molecular Diffusivity (cm
2
/s) Chemical-specific Not Applicable

E Total soil porosity 0.35 HSRA Rules

Kas Soil-air partition coefficient (g soil/cm
3
 air) (H/Kd) x 41 HSRA Rules

H Henry's Law Constant (atm-m
3
/mole) Chemical-specific Not Applicable

Kd Soil-water partition coefficient (cm
3
/g) KOC x OC HSRA Rules

KOC Organic carbon partition coefficient (cm
3
/g) Chemical-specific Not Applicable

OC Soil Organic Carbon Content (none) 2.0E-02 HSRA Rules

RAGS: Risk Assessment Guidance for Superfund, Volume I - Human Health Evaluation Manual (Part B, Chapter 3, Development 

of Risk-Based Preliminary Remediation Goals), U.S. Environmental Protection Agency, December 1991.

http://www.epa.gov/oswer/riskassessment/ragsb/pdf/chapt3.pdf

http://rules.sos.state.ga.us/docs/391/3/19/Appendix%20I-IV.pdf

Standard Assumptions

HSRA Rules: Georgia Hazardous Response Act Rules, 391-3-19, Appendix III, Media Target Concentrations and Standard 

Exposure Assumptions.

Soil-to-Air Volatilization Factor (VF)

VF (m
3
/kg) =

(LS x V x DH) x (π x α x T)
1/2

A x 2 x Dei x E x Kas x 10
-3

 kg/g
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Arsenic A 1.E-05 1.51E+01 4.30E-03 4.50E-01 1.27E+02 1 1.00E-03 1.50E-05 4.29E-06 2.04E+03 1.27E+02

Note: The above standard excludes leaching to groundwater.

Substance

Type 4 Site-Specific 

Non-Residential Soil 

RRS mg/kgTHI

RfDo

mg/kg-dy

RfCi

mg/kg-dy

RfDi

mg/kg-dy

Cnoncar-adult

mg/kg

RAGS Eq 7 - Noncarcinogenic Effects

Carcinogen

Class TR

Sfi

(mg/kg-dy)
-1

IUR

(ug/m
3
)
-1

Sfo

(mg/kg-dy)
-1

RAGS Eq 6 - Carcinogenic Effects

Ccar-adult

mg/kg
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Parameter Definition (units) Default Value Source

Ccar = Concentration in soil (mg/kg) Calculated Not Applicable

TRA/B Carcinogen Class A/B target excess lifetime cancer risk (none) 1.E-05 HSRA Rules

TRC Carcinogen Class C target excess lifetime cancer risk (none) 1.E-04 HSRA Rules

Inhalation cancer slope factor (mg/kg-dy)
-1

= IUR x 1,000 x BW 70 kg / IRair 20 m
3
/dy

IUR Inhalation unit risk (ug/m
3
)
-1 Chemical-Specific Not Applicable

SFo Oral cancer slope factor (mg/kg-dy)
-1 Chemical-Specific Not Applicable

ATcar-adult Adult averaging time (yr) 70 HSRA Rules

ATcar-child child averaging time (yr) 70 HSRA Rules

Parameter Definition (units) Default Value Source

Cnoncar = Concentration in soil (mg/kg) Calculated Not Applicable

THI Target hazard index (none) 1 HSRA Rules

RfDo Oral chronic reference dose (mg/kg-dy) Chemical-Specific Not Applicable

Inhalation chronic reference dose (mg/kg-dy)

= RfCi x IRair 20 m
3
/dy / BW 70 kg

RfCi Inhalation reference concentration (mg/m
3
) Chemical-Specific Not Applicable

ATnoncar-adult Adult averaging time (yr) 30 HSRA Rules

ATnoncar-child child averaging time (yr) 6 HSRA Rules

SFi Chemical-Specific Not Applicable

RAGS Equation 7

Type 5 Trespasser Soil - Noncarcinogenic Effects

Cnoncar mg/kg = 
THI x BW x ATnoncar x 365 days/year

ED x EF x [{(1/RfDo) x 10
-6

 kg/mg x IRsoil} + {(1/RfDi) x IRair x (1/VF + 1/PEF)}]

RfDi Chemical-Specific Not Applicable

RAGS Equation 6

Type 5 Trespasser Soil - Carcinogenic Effects

Ccar mg/kg = 
TR x BW x ATcar x 365 days/year

EF x ED x [(SFo x 10
-6

 kg/mg x IRsoil) + (SFi x IRair x {1/VF + 1/PEF})]
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BWadult Adult body weight (kg) 70 HSRA Rules

BWchild child body weight (kg) 15 HSRA Rules

EF Exposure frequency (dy/yr) 350 Site Speciifc

EDadult Adult exposure Duration (yr) 30 HSRA Rules

EDchild child exposure Duration (yr) 6 HSRA Rules

IRair-adult Adult inhalation rate (m
3
/dy) 1.67 Site Speciifc

IRair-child child inhalation rate (m3/dy) 1.67 Site Speciifc

IRsoil-adult Adult soil ingestion rate (mg/dy) 9.5 Site Speciifc

IRsoil-child child soil ingestion rate (mg/dy) 16.7 Site Speciifc

PEF Particulate emission factor (m
3
/kg) 4.63E+09 HSRA Rules

Parameter Definition (units) Default Value Source

LS Length of side of contaminated area (m) 45 HSRA Rules

V Wind speed in mixing zone (m/s) 2.25 HSRA Rules

A Area of contamination (cm
2
) 2.03E+07 HSRA Rules

DH Diffusion height (m) 2 HSRA Rules

α (Dei x E)/[E + (ρs x (1-E)/Kas)] (cm
2
/s) Chemical-specific HSRA Rules

T Exposure Interval (s) 7.90E+08 HSRA Rules

ρs Density of soil solids (g/cm
3
) 2.65 HSRA Rules

Dei Effective diffusivity (cm
2
/s) Di x E

0.33 HSRA Rules

Di Molecular Diffusivity (cm
2
/s) Chemical-specific Not Applicable

E Total soil porosity 0.35 HSRA Rules

Kas Soil-air partition coefficient (g soil/cm
3
 air) (H/Kd) x 41 HSRA Rules

H Henry's Law Constant (atm-m
3
/mole) Chemical-specific Not Applicable

Kd Soil-water partition coefficient (cm
3
/g) KOC x OC HSRA Rules

KOC Organic carbon partition coefficient (cm
3
/g) Chemical-specific Not Applicable

OC Soil Organic Carbon Content (none) 2.0E-02 HSRA Rules

RAGS: Risk Assessment Guidance for Superfund, Volume I - Human Health Evaluation Manual (Part B, Chapter 3, Development 

of Risk-Based Preliminary Remediation Goals), U.S. Environmental Protection Agency, December 1991.

http://www.epa.gov/oswer/riskassessment/ragsb/pdf/chapt3.pdf

http://rules.sos.state.ga.us/docs/391/3/19/Appendix%20I-IV.pdf

Standard Assumptions

HSRA Rules: Georgia Hazardous Response Act Rules, 391-3-19, Appendix III, Media Target Concentrations and Standard 

Exposure Assumptions.

Soil-to-Air Volatilization Factor (VF)

VF (m
3
/kg) =

(LS x V x DH) x (π x α x T)
1/2

A x 2 x Dei x E x Kas x 10
-3

 kg/g
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Arsenic A 1.E-05 1.51E+01 4.30E-03 4.50E-01 3.98E+02 2.43E+02 1 1.00E-03 1.50E-05 4.29E-06 7.68E+03 9.37E+02 2.43E+02

Note: The above standard excludes leaching to groundwater and excludes vapor intrusion.

Ccar-adult

mg/kg

Ccar-child

mg/kg

Type 5 Trespasser 

Soil RRS

mg/kgTHI

RfDo

mg/kg-dy

RfCi

mg/kg-dy

RfDi

mg/kg-dy

Cnoncar-adult

mg/kg

Cnoncar-child

mg/kg

RAGS Eq 7 - Noncarcinogenic Effects

Substance

Carcinogen

Class TR

Sfi

(mg/kg-dy)
-1

IUR

(ug/m
3
)
-1

Sfo

(mg/kg-dy)
-1

RAGS Eq 6 - Carcinogenic Effects
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Parameter Definition (units) Default Value Source

Ccar = Concentration in soil (mg/kg) Calculated Not Applicable

TRA/B Carcinogen Class A/B target excess lifetime cancer risk (none) 1.E-05 HSRA Rules

TRC Carcinogen Class C target excess lifetime cancer risk (none) 1.E-04 HSRA Rules

Inhalation cancer slope factor (mg/kg-dy)
-1

= IUR x 1,000 x BW 70 kg / IRair 20 m
3
/dy

IUR Inhalation unit risk (ug/m
3
)
-1 Chemical-Specific Not Applicable

SFo Oral cancer slope factor (mg/kg-dy)
-1 Chemical-Specific Not Applicable

ATcar-adult Adult averaging time (yr) 70 HSRA Rules

ATcar-child child averaging time (yr) NA

Parameter Definition (units) Default Value Source

Cnoncar = Concentration in soil (mg/kg) Calculated Not Applicable

THI Target hazard index (none) 1 HSRA Rules

RfDo Oral chronic reference dose (mg/kg-dy) Chemical-Specific Not Applicable

Inhalation chronic reference dose (mg/kg-dy)

= RfCi x IRair 20 m
3
/dy / BW 70 kg

RfCi Inhalation reference concentration (mg/m
3
) Chemical-Specific Not Applicable

ATnoncar-adult Adult averaging time (yr) 1 HSRA Rules

ATnoncar-child child averaging time (yr) NA

SFi Chemical-Specific Not Applicable

RAGS Equation 7

Type 5 Construction Worker Soil - Noncarcinogenic Effects

Cnoncar mg/kg = 
THI x BW x ATnoncar x 365 days/year

ED x EF x [{(1/RfDo) x 10
-6

 kg/mg x IRsoil} + {(1/RfDi) x IRair x (1/VF + 1/PEF)}]

RfDi Chemical-Specific Not Applicable

RAGS Equation 6

Type 5 Construction Worker Soil - Carcinogenic Effects

Ccar mg/kg = 
TR x BW x ATcar x 365 days/year

EF x ED x [(SFo x 10
-6

 kg/mg x IRsoil) + (SFi x IRair x {1/VF + 1/PEF})]
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BWadult Adult body weight (kg) 70 HSRA Rules

BWchild child body weight (kg) NA

EF Exposure frequency (dy/yr) 174 Site Speciifc

EDadult Adult exposure Duration (yr) 1 HSRA Rules

EDchild child exposure Duration (yr) NA

IRair-adult Adult inhalation rate (m
3
/dy) 20 HSRA Rules

IRair-child child inhalation rate (m3/dy) NA

IRsoil-adult Adult soil ingestion rate (mg/dy) 50 HSRA Rules

IRsoil-child child soil ingestion rate (mg/dy) NA

PEF Particulate emission factor (m
3
/kg) 4.63E+09 HSRA Rules

Parameter Definition (units) Default Value Source

LS Length of side of contaminated area (m) 45 HSRA Rules

V Wind speed in mixing zone (m/s) 2.25 HSRA Rules

A Area of contamination (cm
2
) 2.03E+07 HSRA Rules

DH Diffusion height (m) 2 HSRA Rules

α (Dei x E)/[E + (ρs x (1-E)/Kas)] (cm
2
/s) Chemical-specific HSRA Rules

T Exposure Interval (s) 7.90E+08 HSRA Rules

ρs Density of soil solids (g/cm
3
) 2.65 HSRA Rules

Dei Effective diffusivity (cm
2
/s) Di x E

0.33 HSRA Rules

Di Molecular Diffusivity (cm
2
/s) Chemical-specific Not Applicable

E Total soil porosity 0.35 HSRA Rules

Kas Soil-air partition coefficient (g soil/cm
3
 air) (H/Kd) x 41 HSRA Rules

H Henry's Law Constant (atm-m
3
/mole) Chemical-specific Not Applicable

Kd Soil-water partition coefficient (cm
3
/g) KOC x OC HSRA Rules

KOC Organic carbon partition coefficient (cm
3
/g) Chemical-specific Not Applicable

OC Soil Organic Carbon Content (none) 2.0E-02 HSRA Rules

RAGS: Risk Assessment Guidance for Superfund, Volume I - Human Health Evaluation Manual (Part B, Chapter 3, Development 

of Risk-Based Preliminary Remediation Goals), U.S. Environmental Protection Agency, December 1991.

http://www.epa.gov/oswer/riskassessment/ragsb/pdf/chapt3.pdf

http://rules.sos.state.ga.us/docs/391/3/19/Appendix%20I-IV.pdf

Standard Assumptions

HSRA Rules: Georgia Hazardous Response Act Rules, 391-3-19, Appendix III, Media Target Concentrations and Standard 

Exposure Assumptions.

Soil-to-Air Volatilization Factor (VF)

VF (m
3
/kg) =

(LS x V x DH) x (π x α x T)
1/2

A x 2 x Dei x E x Kas x 10
-3

 kg/g
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Arsenic A 1.E-05 1.51E+01 4.30E-03 4.50E-01 4.57E+03 1 1.00E-03 1.50E-05 4.29E-06 2.94E+03 2.94E+03

Note: The above standard excludes leaching to groundwater and excludes vapor intrusion.

Substance

Type 5 Construction 

Worker Soil RRS 

mg/kgTHI

RfDo

mg/kg-dy

RfCi

mg/kg-dy

RfDi

mg/kg-dy

Cnoncar-adult

mg/kg

RAGS Eq 7 - Noncarcinogenic Effects

Carcinogen

Class TR

Sfi

(mg/kg-dy)
-1

IUR

(ug/m
3
)
-1

Sfo

(mg/kg-dy)
-1

RAGS Eq 6 - Carcinogenic Effects

Ccar-adult

mg/kg
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